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The understanding of nanoscale thermal transport plays an important role in 
the thermal management of modern micro/nano-sized devices and in the 
development of thermoelectric materials. Numerous experimental and 
theoretical works have emerged during the past 1-2 decades, deepening the 
understanding of how heat flows in nanostructures. However the tools 
available to the experimentalist to probe thermal transport at the nanoscale are 
still quite limited.  
In this thesis, a new thermal measurement technique that is capable of 
profiling nanowire thermal resistance with a spatial resolution of nanometers 
was developed. The technique uses a focused electron beam as a localized heat 
source to establish a temperature gradient along the nanowire. The heat fluxes 
from the two ends of the nanowire are measured using platinum resistance 
thermometers on two suspended thermally-isolated islands from which the 
local thermal conductivity can be derived.  
Three material systems were studied using the electron beam heating 
technique. Firstly, an individual Si nanowire was irradiated by high energy 
helium ions with position-dependent dose, and the effect of lattice disorder 
created by helium ion irradiation on the thermal conductivity of the Si 
nanowire was studied. From the spatially-resolved thermal conductivity along 
a single Si nanowire, we observed a clear transition from crystalline Si to 
amorphous phase above a critical dose. Moreover, within the dose regime in 
 vi 
 
which only point defects are created, we observed that the Si nanowire thermal 
conductivity decreases almost exponentially as the dose increases, and only 
4% point defects could reduce the thermal conductivity by ~70%, indicating a 
strong phonon scattering effect by point defects. Finally, the annealing effect 
on the recovery of thermal conductivity of the damaged portion is reported. 
The second material system is a Si1-xGex/NiSi1-xGex bamboo-structured 
nanowire, on which we measured the thermal conductivities of both Si1-xGex 
and NiSi1-xGex portions, the latter being much larger than the former. 
The third material system is a Si/NixSiy bamboo-structured nanowire. The 
thermal conductivities of both Si and NixSiy are measured. Moreover, one 
Si/NixSiy bamboo-structured nanowire contains several interfaces, and the 
interfacial thermal resistance (ITR) of each interface could be probed. The 
influence of NixSiy phase, the nanowire diameter, the distance between two 
interfaces and the material embedded between two adjacent interfaces on the 
ITR was studied. From the measurement in the vicinity of the nearly-abrupt 
interface between the Si and NiSi2 phases, we inferred the spatial resolution to 
be better than 20 nm.  
The electron beam heating technique developed provides powerful means to 
elucidate the underlying physics of thermal transport in nanostructures, which 
will in turn improve the thermal models adopted in the design of nano-devices, 
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     Chapter 1
Introduction 
1.1. Motivation and objectives 
Heat transport in nanostructures differs significantly from that in bulk solid 
materials. For example, phonons – the main heat carrier in semiconductor and 
dielectric materials – are predominately scattered by the surface of nanowires 
and thin films whose dimensions are comparable to the phonon mean free path. 
This phonon boundary scattering reduces the thermal conductivity of a 
material when it is in nanowire and thin-film form. Phonons traveling across 
the interfaces embedded in nanostructured materials undergo additional 
scattering, which give rise to interfacial thermal resistance (ITR). Apart from 





 and nanophononic metamaterials
3
 also affect the 
phonon transport by altering the phonon dispersion, which in turn either 
induces a phononic band gap or reduces the phonon group velocity. Last but 
not least, it has been suggested that in low dimensional materials where 
phonons are confined in one or two dimensions, the phonons transport super-






Apart from the interest in elucidating the fundamental physics, understanding 
how heat transports in nanostructures also attracts considerable attention due 
to its role in a large variety of industrial applications. As modern micro/nano-
sized devices such as field effect transistors, phase change memories, 
optoelectronic devices and so on, continuously scale down even as power 
dissipation density increases, for thermal management it is crucial to 
understand how heat flows in features with dimensions at nanometer length 
scales and across the interfaces of such features. Moreover, thermoelectric 
materials have attracted much attention due to their application in renewable 
energy generation and solid-state cooling. Despite their advantage of being 
reliable, lightweight, robust, and environmentally friendly
5
, the main 
drawback that hinders their application is low efficiency. The efficiency of a 
thermoelectric material is characterized by the dimensionless thermoelectric 





  where S is the Seebeck coefficient, σ is the 
electrical conductivity, κ is the thermal conductivity and T is absolute 
temperature
6
. Increasing ZT for bulk materials is difficult because S, σ and κ 
are coupled and the result of changes to one parameter tends to negate effects 
of the others; however it is possible to decouple the thermal and electrical 
conductivities by employing nanocomposite (or nanostructured) materials 
because phonons and electrons have different characteristic mean free paths.  
Responding to the desire to understand thermal transport in nanostructures, 
numerous experimental and theoretical works have emerged during the past 1-
2 decades. However the tools available for the experimentalist to probe 
thermal transport in nanostructures are still quite limited, due to the challenges 
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arising from the small physical dimensions and small amount of power 
involved.  
One such experimental approach is the thermal bridge method
7
, in which a 
microfabricated device is used to measure nanoscale thermal transport. A 
typical arrangement involves two suspended silicon nitride platforms with 
integral platinum (Pt) resistance loops used as heater and sensor, and the 
nanostructure (either in the form of nanowire or 2D film such as graphene and 
thin Si film) is placed to bridge these two islands. During the measurement, 
one platform is heated up by DC current, and the thermal resistance of the 
nanostructure is calculated from the temperature rise of both heater and sensor. 
By its very nature, the thermal bridge method only yields the total resistance 
of the nanostructure in between the heater and sensor, including the parasitic 
thermal contact resistance between the sample and the heat source/sink. 
Moreover, it does not provide any information about local variations of the 
sample. For example, in heterostructured nanowires, not only would the 
thermal conductivity be different as the material composition changes, but 
each interface would give rise to thermal resistance across the boundary, both 
of which cannot be revealed by thermal bridge method.  
Another measurement tool is the time-domain thermoreflectance (TDTR) 
method, which has a unique strength in measuring the ITR between a thin film 
and its substrate
8
. In a TDTR measurement, a thin film (usually aluminum film) 
is deposited to act as thermo-transducer. A pump laser beam is used to heat up 
the transducer, and a probe laser beam with varying delay times is used to 
measure the transducer film’s optical reflectivity, from which the temperature 
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change of this film as a function of time is calculated. The thermal transport 
properties of the thin film and the substrate, including the ITR across their 
interface, are then interpreted from the measured temperature change of the 
surface by adjusting free parameters in a thermal model to achieve the best fit 
between the predicted and measured thermal response of the sample
9
. By its 
very nature, the interpreted thermal properties depend on the thermal model. 
For example, the interface is usually described by a simple radiative boundary 
condition, which means that the temperature drop at an interface (∆T) is 
related to the heat flux crossing the interface (JQ) by JQ = G∆T, where G is the 
interfacial thermal conductance
9
. Based upon this assumption, the interface is 
treated as an arbitrary layer with the detailed morphologies ignored.  
The objective of the work described in this thesis is to develop a new thermal 
measurement technique that is capable of measuring thermal resistance in 
nanowires with a spatial resolution in the nanometer range, and then to apply 
this technique to study the thermal properties of several nanowire material 
systems. With such a high spatial resolution, the local thermal conductivity 
altered by non-uniformities in the nanowire, such as local defects, change of 
surface roughness and variations in diameter, can be discriminated. Moreover, 
the long-standing problem of ill-defined thermal contact resistance between 
the nanowire and the two temperature sensors, which is a serious drawback in 
the conventional thermal bridge method, can be avoided. Last but not least, it 
is also possible to measure the resistance change across epitaxial material 
interfaces in the nanowire and relate it to the local morphology of the interface. 
Because a focused electron beam is used as a non-contact heating source, we 
simply named it the “electron beam heating technique”. 
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1.2. Organization of thesis 
This thesis is organized as seven chapters, with Chapter 1 being the 
introduction. 
Chapter 2 covers the literature review. The background of the concept and 
transport of phonons is first introduced before focusing specifically on phonon 
transport in nanowires. Several techniques to probe heat flow in nanowires are 
then described, namely the 3ω method, scanning thermal microscopy (SThM), 
Raman thermography, and the thermal bridge method. 
Chapter 3 introduces the electron beam heating technique, starting with the 
working principle. Electron beam – sample interaction and its impact on the 
limit of spatial resolution are discussed. The implementation of the technique 
is described, including approaches to improve the sensitivity and other 
technical considerations to minimize the deleterious effect of electron 
scattering. 
In Chapter 4, the electron beam heating technique is used to study the effect of 
lattice disorder created by helium ion irradiation on the thermal conductivity 
of Si nanowires. The crystalline to amorphous transition of Si nanowire is 
observed, the effect of point defect created by helium ions on the thermal 
conductivity is discussed. We also show that the thermal conductivity of the 
irradiated nanowire can be partially recovered through annealing.  
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In Chapter 5, we show that the technique can be used to spatially resolve the 
thermal conductivity of a single Si1-xGex/NiSi1-xGex bamboo-structured 
nanowire. This sample is also used to demonstrate that the measurement 
approach is independent of the absorbed power from the electron beam. 
Chapter 6 reports the measurement results of a single Si/NixSiy bamboo-
structured nanowire. With a single scan, the thermal conductivities of both Si 
and NixSiy are reported. Moreover, as the Si/NixSiy bamboo-structured 
nanowire contains several interfaces, the ITR of each interface is measured. 
The influence of NixSiy phase, the nanowire diameter, the distance between 
two interfaces and the material embedded in two adjacent interfaces on the 
ITR are discussed. 
Chapter 7 summarizes the accomplishments of this project and recommends 
several directions for future work. The possibility of measuring the spatially 
resolved thermal conductivity of a rough/porous Si nanowire, a nanophononic 
Si nanowire, and a strained Si nanowire are raised. Apart from measuring 
these new material systems, further work to develop the technique so as to 
measure the thermal rectification effect, and non-diffusive thermal transport is 
discussed. 
References used in the thesis are listed at the end of the thesis. 
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     Chapter 2
Literature review 
In non-conducting materials, heat is mainly carried by lattice vibrations whose 
quantized modes are called phonons. In this chapter we will briefly introduce 
the transport and scattering of phonons, from which the thermal properties of 
nanowires can be understood more systematically. Besides calculating phonon 
transport in an explicit manner, atomic level simulation using molecular 
dynamics (MD) provides a powerful tool to investigate the fundamental heat 
transfer mechanism, which will also be mentioned briefly. After introducing 
the theoretical background, we will review various aspects of nanowires on 
phonon transport such as phonon boundary scattering, effect of surface 
roughness and the phonon confinement effect, covering both theoretical and 
experimental angles. This is followed by a review of experimental techniques 
to measure thermal transport in nanowires: 3ω method, scanning thermal 
microscopy (SThM), Raman thermography, and in particular the thermal 
bridge method. Lastly, a comparison of these techniques addressing both pros 
and cons will be given.  
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2.1. Background  
2.1.1. Harmonic approximation, normal modes and phonon  
Heat transport in non-metallic systems is generally viewed from the 
perspective of phonon transport. Phonons are normal modes of lattice 
vibrations based on the harmonic approximation of crystal potential. The 
harmonic approximation is the starting point of almost all theories of lattice 
dynamics, and it has been described in many text books, for example, Solid 
State Physics by Ashcroft and Mermin
10
, Introduction to Solid State Physics 
by Kittel
11
, and other books such as Electrons and Phonons by Ziman
12
. The 
potential energy of lattice U depends on u(R), which is the deviation from 
equilibrium of the ion whose equilibrium site is R. The harmonic 
approximation is valid for small displacement of atoms around their 
equilibrium state, which corresponds to the minimum of the potential well.  
Near the bottom of the potential well, the lattice potential can be approximated 
as a harmonic potential, i.e., the lattice potential is only calculated up to 
quadratic terms in the interatomic displacements, and the crystal can be simply 
treated as a spring-mass system. The general oscillation motion of such a 
system is a superposition of its normal modes which move independently of 
each other. Each normal mode can be exclusively described by its branch s  
and wave vector k. For example, for an N-ion harmonic crystal, one can regard 
it as 3N independent oscillators, whose frequencies are those of the 3N normal 
modes. It has been shown by the quantum theory of lattice vibration
10
 that the 
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contribution to the total energy of a particular normal mode with angular 
frequency ( )s x k  can have only discrete set of values as
1
( ) ( )
2
s sn k k , 
where snk is the excitation number of the normal mode.  
The phonon is the equivalent corpuscular description of these normal nodes. 
Instead of saying that the normal mode of branch s with wave vector k is in its 
snk  excited state, one says that there are phonons of type snk  with wave vector 
k in the crystal. When treated as particles, phonons are called bosons with 



















pf  indicates the equilibrium condition, and 
p pE   is the phonon energy. 
The phonon wave vector (k) and frequencies (ω) are related by the phonon 
dispersion. Phonon dispersion is important in understanding thermal transport 
as it provides the group velocity and density of states. The inset in the upper 
right block of Figure 2.1 is an example of the phonon dispersion in a linear 
diatomic chain, which consists of two phonon branches, namely acoustic 
phonon branch (lower) and optical phonon branch (upper). The phonon 
dispersion can be experimentally determined by neutron inelastic scattering or 
electron energy loss spectroscopy
13
. Regarding the theoretical aspects, the 
phonon dispersion can be computed based on first-principles calculation, 
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lattice-dynamics calculation and molecular dynamics (MD) simulation
14
. 
Elastic continuum model is also employed to calculate phonon dispersions
15
. 
Each of these theoretical calculation approaches has its pros and cons, a 
discussion of which is beyond the scope of this thesis.  
2.1.2. Transport of phonons 
In a perfect harmonic crystal the phonon states are stationary states (all the 
normal modes are stationary waves). Therefore, if a distribution of phonons is 
established so that it carries a thermal current (for example, by having an 
excess of phonons with similarly directed group velocities), that distribution 
will remain unaltered in the course of time, and the thermal current will 




However, the thermal conductivity of real crystals (here we mainly focus on 
non-metallic systems) is not infinite. There are several reasons: firstly, the 
inevitable presence of lattice imperfections, impurities, and isotopic 
inhomogeneities act as scattering centers for the phonons, and help to degrade 
any thermal current. Secondly, even in a perfect, pure crystal, the phonons 
would eventually be scattered by the surface of the sample, and this would 
limit the thermal current. Finally, even in a perfect, pure and infinite crystal, 
phonons are only products of harmonic approximation, and anharmonic 
(higher-order terms in the interatomic displacement) effect are neglected. 
Anharmonic effect, when it is small, can be treated as a perturbation of the 
harmonic potential, and it leads to the creation, destruction, or scattering of 
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phonons. Thus it plays a similar role as impurities in the heat transfer theory 
for electrical insulators.  
The scattering of phonons can be characterized by the relaxation-time 
approximation. The deviation of the mode population from its equilibrium 
distribution 0'p p pf f f   can be calculated by the Boltzmann Transport 
Equation (BTE), based on relaxation-time approximation. By substituting 'pf  











 K u u k  (2.2) 
where 
,v pc  is the mode specific heat capacity, pu  is the group velocity and p  
is the effective phonon relaxation time describing the temporal response of the 
system when that particular phonon mode is activated. The derivation of 
Equation (2.2) and the meaning of relaxation time are given in details in 
Kaviany’s book16. 
As we have discussed in the previous section, phonons are scattered by 
various mechanisms, which produce a finite thermal conductivity. Each 
mechanism has its own corresponding form of relaxation time 
p . The 
approximation of adding resistivities to transport in series (Matthiessen’s rule) 
is used to combine the contribution from various scattering mechanisms, 






jp p j 
  (2.3) 
where 
p  is the effective phonon relaxation time and ,p j  is the relaxation 
time that is due to the j
th
 scattering mechanism, which includes but is not 
limited to, phonon-phonon normal scattering, phonon-phonon Umklapp 
scattering, isotope scattering, alloy scattering, boundary scattering, phonon-
electron scattering, and so on. Each scattering mechanism has its own form of 
( , , )p p T   . The form of the functions has been discussed in many 
theoretical papers. The earliest examples are probably Callaway and Holland's 
papers
17, 18
. The constants in the function are typically found by fitting to 




From the relaxation time model, it can be understood why phonon transports 
very differently in nanostructured materials. Take nanowires for example -- 
because of the confinement in two directions, many atoms lie on the surface 
without being fully bonded to neighboring atoms, such inhomogeneity reduces 
phonon relaxation time, and this scattering mechanism is phonon boundary 
scattering. When the diameter of the nanowire is comparable with the phonon 
mean free path, the phonon boundary scattering will dominate over other 
scattering mechanisms. As a result, the thermal conductivity, which is 
supposed to be geometrically independent, now depends on the diameter of 
nanowires (Section 2.1.4). Besides diameter dependence, the thermal 
conductivity is also correlated with the nanowire’s surface morphology such 
as surface roughness (Section 2.1.5). Composition of the nanowire does not 
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affect the phonon boundary scattering directly, but it will change the phonon 
group velocity and phonon dispersions; alloy scattering plays an important 
role in an alloyed nanowire, which also influences the role of phonon 
boundary scattering indirectly (Section 2.1.6). 
Besides inducing the boundary scattering, the phonon dispersion relation can 
be significantly modified due to confinement in two directions. In addition, the 
presence of a surface can introduce surface phonon modes, which may result 
in many different phonon polarizations other than the two transverse and one 
longitudinal acoustic branches found in bulk materials. These differences will 




Lastly, for non-homogeneous nanowires, e.g. bamboo-structured nanowires, 
additional interfacial thermal resistance (ITR) can be induced by the 
perpendicular interfaces.  




Figure 2.1 Study notes on the concept of phonons, the theories of phonon transport, 
and the influence of nanostructures. The figure in the top right quadrant illustrates the 
phonon dispersion in linear diatomic chain. 
2.1.3. Molecular dynamics (MD) simulations 
Besides Boltzmann Transport modeling, thermal transport can be viewed 
directly by classical molecular dynamics (MD) simulations, which trace the 
time-dependent trajectory of all atoms in the simulation domain based on 
Newton’s second law of motion and interatomic potentials20. The thermal 
conductivity can be computed through both equilibrium molecular dynamics 
(EMD) and nonequilibrium molecular dynamics (NEMD)
21
. While EMD uses 
Green-Kubo approach which utilizes the current fluctuations to compute the 
thermal conductivity, NEMD mimics more closely the experimental situation, 






Besides calculating the thermal conductivity directly, MD simulation can also 
provide information about phonon relaxation times, which is a crucial but 
difficult task
20
. Moreover, phonon dispersions can also be calculated by MD 
calculation
14
. Compared with Boltzmann Transport modeling, MD has an 
advantage in being able to investigate materials with realistic crystalline 
structures. Many processes involved in heat conduction such as boundary 
scattering, crystal imperfections, and isotope effects can all be included in MD 
simulations
23
. It has been extensively used in calculating the interfacial 
thermal resistance (ITR)
24
, due to the advantage in correlating the ITR to the 
crystal structure of the interface. Besides the large computational resource it 
takes, the lack of quantum effects
25
, the major challenge of MD simulation lies 
in the accuracy of the potential models, especially for the potential functions 
that can correctly describe interface and defect structures
20
.    
2.1.4. Effect of nanowire diameter 
For nanowires with diameter close to the phonon mean path, phonon boundary 
scattering dominates the thermal transport. Intuitively, the strength of phonon 
boundary scattering should be positively related to the nanowire diameter, 
which indicates that with decreasing diameter, the thermal conductivity of a 
nanowire should decrease. Indeed, Mingo
26
 has calculated the diameter 
dependence of Si nanowire thermal conductivity. The phonon lifetime is 
calculated using Matthiessen’s rule, in which the phonon boundary, 
anharmonic and impurity scattering are included. They are expressed as  
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 1 1( 1/ )b bc lF
   (2.4) 
 1 2 /C TBT e 
   (2.5)  
 1 4
i A 
   (2.6) 









  , averages the three acoustic branches, 
and ci is the speed of sound of each branch. l is the nanowire’s lateral 
dimension, which is assumed as the diameter of the nanowire. F relates the 
boundary scattering rate to the shape and specularity of the sample’s 
boundary.  
Constants B and C in Equation (2.5) are taken from the bulk value and 
Constant A is determined from the isotope concentration. A, B and C do not 
change for the case of nanowire, so (Fl) is the only fitting variable. The above 
three equations hold provided that there is no phonon confinement effect, as 
the confinement effect modifies the inter-sub-band scattering. At 40 K 
temperature, l > 10 nm is required. 
Moreover, Mingo also suggested that the full phonon dispersion relations, 
rather than the linearized dispersion models with a cut-off frequency, should 
be used to calculate the thermal conductivity, although the latter had 
successfully predicted the thermal conductivities of bulk materials by 
Callaway and Holland
17, 18
. This is because in the nanowire, boundary 
scattering dominates. However, if the cut-off frequency is adjusted to a lower 
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value, it is still possible to obtain satisfactory results using the Callaway 
formula. 
By using the full phonon dispersion relations, and taking F = 1.05, 1.3 and 
1.15 for nanowires with diameter l = 37, 56, 115 nm, the calculated thermal 
conductivity vs temperature curve fits well with the experimental values
27
 
(Figure 2.2(b)), indicating a decreased thermal conductivity for smaller 
diameters. Moreover, the value of F indicates that the boundary scattering is 
very diffusive rather than specular.  
Besides Si nanowires, the diameter dependence of thermal conductivity for Ge 




Figure 2.2 (a) Measured thermal conductivity of different diameter Si nanowires
27
 
using Thermal Bridge method. The number beside each curve denotes the 
corresponding wire diameter. (b) Thermal conductivities vs temperature calculated 
using the complete dispersions transmission function
26
, for Fl = 1.05 × 37nm (solid), 
1.3 × 56nm (dotted) and 1.15 × 115nm (dashed). Dots: experimental results
27
. Inset: 
thermal conductivity of bulk Si. 
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In a later paper Mingo explicitly simplified the expression of thermal 
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   (2.7) 
where vz is the phonon velocity along the nanowire direction z; ( )zk  is the 
phonon relaxation length of the α phonon branch, which is related with 
phonon lifetime by 1 1v    where v is the phonon group velocity; fB is the 
equilibrium phonon distribution, which is the same as Equation (2.1). ( )zk  
and vz are obtained from full phonon dispersion relations. λ is calculated using 
Matthiessen’s rule assuming diffusive boundary scattering:  
 1 1 1/i D 
    (2.8) 
where 1 1 2 / 4C T
i iv BT e A   
      is the intrinsic relaxation length for bulk 
material (refer to Equation (2.5) and (2.6)), and D is the diameter of the 
nanowire. From the above, the thermal conductivity of a nanowire can be 
expressed as a function of its diameter. 
2.1.5. Effect of rough surface  
In the previous section we mentioned diffusive and specular boundary 
scattering. In specular boundary scattering, the phonons are scattered from the 
surface elastically preserving momentum along the nanowire length
29
. As a 
result, such scattering process does not contribute to the thermal resistance 
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along the nanowire. The opposite extreme is diffusive scattering, in which the 
direction of the scattered phonon is independent of that of the incident phonon. 
This limit is referred to as Casimir limit in which the phonon mean free path 
due to boundary scattering is the minimum as Cas , and the phonon mean free 
path due to boundary scattering is  
 
1 ( , )









where ( , )p T  is a phenomenological parameter that describes the probability 
of a phonon of wavelength   at the temperature T
30
 to be specularly scattered. 
p=1 represents pure specular scattering, which happens for perfectly smooth 
surface; p=0 represents pure diffusive scattering, which happens for rough 
surface. 
 
Figure 2.3 Schematic illustration of phonon scattering processes in nanowires
29
. 
The Casimir limit theoretically provides the lower bound of thermal 
conductivity dominated by phonon boundary scattering. However the 
experimental result of roughened Si nanowires which are top-down etched 
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from Si wafers shows a thermal conductivity an order of magnitude lower than 
the Casimir limit
31
. Since then, several attempts have been made to develop a 
theory to explain the low thermal conductivity due to roughness
32-34
. 
Nevertheless, the theoretical understanding remains inconclusive. For 
example, Martin et al. proposed that the roughness alters the phonon 
dispersion and the scattering is enhanced
32
, but Carrete pointed out that the 
Born assumption used in this paper may not be justified
34
; Moore et al. 
proposed a backscattering mechanism for the Si nanowires with deep sawtooth 
structures
33
, which suggests that phonon backscattering can cause the 
coefficients of specularity to become negative, leading to phonon mean path 
(MFP) smaller than the Casimir limit, but this prediction still does not match 
the extremely low experimental values, let alone the fact that in the 
experiment the roughness-depth-to-diameter ratio is much smaller than that 
used in the calculation. Using Green’s function calculation, Mingo calculated 
that the MFP and the thermal conductivity of a nanowire are very close to the 




Further experimental work was carried out to further quantify the effect of 
surface roughness on phonon transport in nanowires
35
. Smooth VLS grown Si 
nanowires were etched by two chemical processes (HF+AgNO3 vs 
HF+AgNO3+H2O2), resulting in a variety of rough surfaces (Figure 2.5(b)). 
The nanowire surface profile was captured by transmission electron 
microscope (TEM). From the power spectrum of the profile (Figure 2.4(b)) 
several roughness parameters were extracted: (i) From the Lorentzian fit 
(Figure 2.4(b)), the root-mean-square σ and correlation length L are obtained. 
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Measurement results show that higher σ and lower L tend to yield a lower 
thermal conductivity. Here lower L means that roughness features occurs at a 
shorter length scale. (ii) Henry et al. calculated that for bulk Si, the phonons 
with wavelengths 1-100 nm contribute up to 80% of the thermal conductivity 
at 300 K (Figure 2.4(a))
36
, so it is important to fit this part more precisely. 
Compare with Lorentzian fit, a power-law fit captures this wavelength range 
better (Figure 2.4(b)). The power-law fit is defined by 2 0
0
10 10




   , 
where q0 is a constant relating to the lattice constant of Si. It was found that 
while n is similar for a different nanowire, αp, a parameter that is related to the 
broadband roughness amplitude of the nanowire surface, is different. 
Moreover, αp is strongly related to the thermal conductivity (Figure 2.5(a)). 
This quantitative relationship of roughness vs thermal conductivity shed light 




Figure 2.4 (a) Thermal conductivity accumulation as a function of wavelength at 300 
and 1000 K
36
. Roughly 80% of contribution to thermal conductivity at room 
temperature comes from phonons with wavelengths between 1 and 100 nm. (b) 
Roughness power spectrum at the selected length scales (1−100 nm). While the actual 
power spectrum is shown in blue, the Lorentzian fit used to extract σ and L is shown 
in red to be a poor fit at the relevant length scales. The power law fit shown in black 




Figure 2.5 Quantifying surface roughness effects on phonon transport in silicon 
nanowires
35
. (a) Thermal conductivity as a function of roughness factor αp. As αp 
increases, the wires are rougher, with wavelengths in the 1−100 nm range and the 
thermal conductivity drops significantly. (b) Colored TEM image of the nanowire 
profiles representing 3 points in (a). 
2.1.6. Binary and alloyed nanowire 
In the previous sections we discussed the reduction of thermal conductivity 
due phonon boundary scattering for an elemental nanowire (Si). The ability to 
reduce thermal conductivity independently of other properties (e.g. power 
factor and electrical conductivity) suggests potential thermoelectric 
applications. However, most the TE materials are made of more than one 
element, e.g., PbTe. It is necessary to know that if such materials are made 
into nano-structures, how much can their thermal conductivity be reduced, 
compared with their bulk counterparts?  
A guide is given by Mingo
28
 regarding III-V and II-VI zinc blende 
semiconductor compounds. For binary compounds that are made up of two 
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materials with mass Mheavier and Mlighter, the thermal conductivity of bulk 
material 
1/2
bulk lighter heavier( )M M
  ; and the thermal conductivity of the 
nanowire counterpart 
3/2
nwire lighter heavier heavier( ) /M M M    (assuming that the 
phonon relaxation length is dominated by phonon boundary scattering so that 
Equation (2.8) becomes 1 1/ D  ). As a result, 
3/2
bulk nwire lighter heavier/ (1 / )M M 
  . This relation implies that the ability to 
reduce a material’s thermal conductivity by shrinking it to nanowire form 
differs from material to material, which should be taken into consideration if 
the material is used for thermoelectric applications. In the later papers, the 
power factor and electrical conductivity were also calculated in addition to 
thermal conductivity, so that ZT, which is the figure of merit directly related to 





 zinc blende semiconductor nanowires as a function of diameter. 




 nanowires were also reported. 
In binary-compound materials, the two elements are arranged periodically in 
the lattice. They form a unit cell from which the lattice is built. However, if 
the two elements are arranged randomly in the material, e.g., by alloying, the 
randomness will induce additional phonon scattering which is alloy scattering. 
The thermal conductivity of intrinsic Si1-xGex nanowires with different 
germanium concentrations and diameters has been measured experimentally
42
, 
with relatively low Ge concentration (x < 0.1). Theoretical calculations were 
also presented
43
. The effective medium approach
44, 45
 is used, which means 
that Si1-xGex is taken as an effective medium with properties between those of 
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pure Si and pure Ge. In this effective medium, the phonon lifetime is 
interpreted as follows
43
: the anharmonic scattering term is 
1 1 1
, ,(1 )u u Si u Gex x  
     , in which 1,u Si
  is the anharmonic scattering term 
for Si, as in Equation (2.5), and a similar case applied for 1,u Ge
 ; the phonon 
life time due to the phonon boundary scattering is 1 /b bv D
  , where D is the 
nanowire diameter and 2 2 2, ,(1 )b b Si b Gev x v xv
     , 
,b Siv  and ,b Gev  are the 
average speed of sound for Si and Ge, respectively. Lastly, the phonon alloy 
scattering term is 1 4(1 )x x A 
   , where A is a constant adjusted to fit the 
thermal conductivity of bulk Si1-xGex.  
Calculation results showed that for small diameter, thermal conductivity is 
proportional to diameter, because boundary scattering dominates at both low 
and high phonon frequencies. However, as the diameter increases to a certain 
value (depending on Ge concentration), the diameter dependence is not 
obvious, because the high frequency phonons are mainly scattered by alloy 
scattering, which happens for both bulk material and nanowires. Nevertheless, 
as high frequency phonons are effectively blocked by alloy scattering, the low 
frequency phonons play an important role in the thermal transport, so even for 
a nanowire with large diameter, the effect of phonon boundary scattering can 
still be seen (Figure 2.6(a)). At last, how large can the thermal conductivity be 
reduced if the Si1-xGex is made into the nanowire form? From this paper, the 
κmin for bulk Si1-xGex at x~0.4 is at least seven times larger than its nanowire 




Figure 2.6 Theoretical predictions of thermal conductivity of Si1-xGex nanowires
43
 (a) 
Thermal conductivity vs diameter, (b) Thermal conductivity vs Ge concentration. 
2.1.7. Phonon confinement effect 
As the size of the nanowire shrinks to dimensions comparable to the 
wavelength of major heat-conducting phonons, the phonon confinement effect 
becomes apparent. In addition, for thin core-shell nanowires, the acoustically 
mismatched barriers between the core and shell material also dramatically 
influence the phonon spectra
46, 47
. For acoustically mismatched core-shell 
nanowires, the phonon spectra are modified due to the redistributed elastic 
deformations. When the shell material is acoustically softer, phonon modes 
undergo depletion effect, and the change of phonon spectra alters the thermal 
conductivity. MD simulations on Ge-Si core-shell nanowires show a 
compressed thermal conductivity of Ge-Si core-shell nanowires compared 
with uncoated Si and Ge
46, 48, 49
, which is attributed to the localized modes 
induced by the core-shell structure.  
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Experimental measurements on thermal conductivity of thin (d < 20 nm) Ge 
and Ge-Si core-shell nanowires showed a very low thermal conductivity for 
both cases
50
. Results from Boltzmann Transport modeling mentioned above 
gives much higher thermal conductivity for nanowires of similar dimensions. 
This can be explained by the change of phonon dispersion due to confinement 
along the diameter. The new phonon dispersion for nanowires is then obtained 
by elastic continuum-based model
47
, which gives good approximations for 
nanowires with diameter >15 nm and at temperature from 100-400 K
51
. For 
the case of thin Ge nanowire, the phonon group velocities are greatly reduced 
compared with the bulk case, which is the main reason for the lower thermal 
conductivity compared with that calculated using bulk phonon dispersion. For 
the case of Ge-Si core-shell nanowire, the phonon group velocity is higher 
than that for Ge nanowire, due to the ~2 nm Si shell which has a higher speed 
of sound, and as a result the thermal conductivity of Ge-Si core-shell nanowire 
is higher than that for Ge nanowire, at temperature < 250 K. However, at 
higher temperatures, the trend becomes the opposite. One possible reason is 
attributed to the localized low-frequency modes and suppressed high-
frequency modes which are induced by the lattice mismatch and dissimilar 
atomic masses of Si and Ge. 
Apart from nanowires, the phonon confinement effect has also been studied in 
2D nanomesh Si films
52, 53
 and a Si film with periodic Si pillars on top of it
54
. 
To change the phonon dispersions using periodic structures with characteristic 
length alludes to the concept of phononic crystal. The thermal conductivity of 
phononic crystals are reduced due to, but not limited to, the band-gap opening 
and the suppression of group velocities. The ability to control heat transport 
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using phononic crystals has triggered a spate of studies, and recent progress 
has been surveyed in a review paper
55
. The fabrication process is challenging 
because the wavelength of major heat-carrying phonons is usually small. 
Therefore a material of which the major heat-carrying-phonon-wavelength is 
large is preferred so that fabrication is feasible. SiGe alloy has been suggested 
as a good candidate
56
, because the high frequency phonons are scattered by 
alloy scattering, and most of the heat is carried by phonons with long 
wavelength, compared with Si. 
2.1.8. Epitaxial interfaces embedded in the nanowires 
When phonon transports across interfaces, there is a temperature discontinuity 
T at the interface, which creates a finite thermal conductivity 
INT / ( )h Q A T  where /Q Ais the heat flow per unit area. INTh  is defined as 
the thermal boundary resistance
57
 or interfacial thermal resistance (ITR). 
Phonons approaching the interface are either transmitted with a probability of 
 or are reflected. Determining  is the crucial part in calculating the ITR. 
Two typical models for determining  are Acoustic Mismatch Model (AMM) 
and Diffuse Mismatch Model (DMM), respectively. Interfaces play a 
particularly important role in the properties of nanoscale structures and 
nanostructured materials
19, 58
, and it has been studied intensively both 
theoretically and experimentally. The theoretical studies employ both 





. The latter is favored because it correlates the 





studies are mainly carried out using the time-domain thermoreflectance 
(TDTR) method
8









, and have been reported. However, limited 
by the heating spot size, the interface is usually of large contact area, so 
controlling and characterizing the detailed interfacial structure is challenging.  
Compared with the interface formed with two films with relatively large 
contact area, vertical interface embedded in a bamboo-structured nanowire is 
easier to characterize, but there are few studies about ITR in nanowires. The 
thermal conductance of Si/SiGe superlattice nanowires
68
 and polytypoid 
nanowires
58
 have been reported; however, in these experiments only the 
thermal property of the whole nanowire is measured and there is no 
information about how heat transfers across the interfaces. Such measurements 
could be achieved by the technique described in this thesis, and the 
experimental results are shown in Chapter 6. 
2.2. Measurement techniques of thermal transport in 
nanowires 
The measurement of thermal transport in nanowires is challenging due to the 
small power and small sample dimensions involved. This section introduces 
several techniques that can be used to determine thermal properties such as 
thermal conductivity, heat capacity etc. of a single nanowire.  
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2.2.1. 3ω method for nanowires 
The 3ω method makes use of the narrow-band detection technique to obtain a 
better signal-to-noise ratio. When an AC electric current I0sint is passed 
through a conductive sample, the power generated fluctuates with a frequency 
of 2ω, so a temperature fluctuation with frequency 2ω arises. Because the 
electrical resistance of the conductive nanowire is proportional to its 
temperature, the electrical resistance fluctuate at 2ω. Consequently, a voltage 
fluctuation with a third harmonic (with frequency 3ω) is generated. This V3ω 
signal is detected by a lock-in amplifier, from which the thermal properties 
can be extracted. The 3ω method was originally developed to measure the 
thermal properties (such as thermal conductivity and specific heat) of bulk 
materials and thin films
69-72
. Lu et al. extended this technique to measure the 
thermal conductivity and specific heat of suspended conductive rod- or 
filament-like specimens by solving explicitly the 1D heat-conduction equation 
along the specimen
73
. In their configuration, the specimen is connected by four 
electrical probes: two outside probes are used to pass the AC current (I0sint), 
and two inside ones to measure the voltage (V3ω(t)) across the specimen 
(Figure 2.7). The specimen is suspended for thermal isolation from the 
substrate. High vacuum and thermal shielding is required to eliminate the heat 
lost by convection and radiation. The probes and the substrate should be 




Figure 2.7 (a) Illustration of the rod- or filament-like specimen connecting by four-
probe configuration
73
. Sapphire substrate with high thermal conductivity is used as an 
effective heat sink. (b) Block diagram of the measurement
73
. 
When an electric current I0sint is passed though the specimen, the heat 
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where Cp, κ, R, and ρ are the specific heat, thermal conductivity, electric 





R dR dT . L is the length of the specimen between voltage 





Solving T(x,t) gives the voltage from point O to point L in Figure 2.7(a) as the 
product of input current and the electrical resistance. This voltage contains a 















where I is the rms value of I0sinωt. By fitting the experimental data to  
Equation (2.9), the thermal conductivity κ and the thermal time constant γ can 
be obtained. Then the specific heat can be calculated as: 
2 2/pC L   . One 
can refer to Lu et al.’s paper73 for how V3ω(t) is calculated (Equation (1) - (17) 
in the paper) and other detailed information.  
The 3ω method was then applied on Pt wires with diameter = 20 µm and 
length=8 mm. The measured specific heat agrees well with the standard data, 
while thermal conductivity is lower than the standard data at lower 
temperatures (<50 K), which is attributed to defects in the wire
73
. Yi et al. 
applied this method to multi-walled carbon nanotube bundles and reported 
their specific heat, which is otherwise difficult to measure due to the small 
mass
74
. The thermal conductivity of an individual multi-wall carbon nanotube 
was later measured by Choi et al.
75
. The convective heat transfer coefficient of 
water-based single-walled carbon nanotube colloids was reported by a 
modified 3ω method by the same group76.  
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Underlying Equation (2.9) is an assumption that the heat transfer is diffusive. 
This assumption should be noted if Equation (2.9) is used to deduce the 
sample’s thermal properties. 
For non-conductive nanowires, a thermal transducer can be sputtered onto the 
wire, provided that the thermal conductance of the transducer is much smaller 
than that of the specimen. The low-temperature (T<5 K) thermal conductivity 
of a Si nanowire etched from a silicon-on-insulator substrate was reported by 
Bourgeois et al.
77
. The nanowire was suspended by etching the SiO2 substrate, 
then a niobium nitride (NbN) thin film transducer, which exhibits a large 
temperature coefficient of resistance at low temperature due to the metal to 
insulator transition, was sputtered onto the surface of the device pads and 
nanowire. Using the same configuration, the heat conduction in corrugated and 
serpentine shaped silicon nanowires were also measured to study the scattering 
of phonons by the geometrical constraints
78, 79
.  
2.2.2. Scanning thermal microscopy (SThM)  
SThM operates by bringing a sharp temperature-sensing tip into close 
proximity to the sample’s surface. Localized heat transfer between the tip and 
surface changes the tip temperature. By scanning the tip across the surface, a 
spatial temperature distribution of the sample surface can be mapped. The 
measurement of the temperature on the tip is mainly thermocouple-based, 
while other techniques based on contact potential, electrical resistance, and 






Most of the development has focused on cantilever-based probes using the 
atomic force microscope (AFM) as a platform for SThM. When a temperature 
sensor is mounted on the very apex of the tip, such probes can be used to 
image both the topography and the temperature distribution of nanostructures, 
for example, thermally-heated carbon nanotubes
81
. One of the most 
fundamental issues is to understand the heat transfer from the tip to the 
sample. Figure 2.8 shows the design of the tip and the mechanism of tip-
sample heat transfer, which is dominated by conduction through a liquid film 
bridging the two surfaces. The spatial resolution is claimed to be limited by tip 
radius to about 50 nm. 
 
Figure 2.8 Schematic diagram of a cantilever probe used for scanning thermal 
microscopy. The heat transfer mechanisms between the tip, the cantilever and the 
sample are also indicated. Ta, Tt , and Ts are the temperatures of the ambient, the tip, 
and the sample, respectively. Rc and Rts are the thermal resistances of the cantilever 
and the tip-sample junction, respectively
81
.  
Besides mapping the temperature profile along a horizontal nanowire, it is 
possible to measure the thermal conductance of vertically aligned nanowire 
arrays, by putting the SThM probe (platinum wire) on top of the nanowire 
arrays
82
. The SThM tip acts as both heater and sensor. The signal to noise ratio 
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can be improved by using the 3ω mode, in which the current of frequency ω is 
supplied through the tip and the 3ω voltage is measured. The spatial resolution 
was improved by replacing the Pt wire with a palladium/SiO2 probe
83
 (Figure 
2.9(a)), so that by scanning the tip across the sample, the thermal and 




 nanowires can be obtained 
with a spatial resolution better than 100 nm. From Figure 2.9(c), the measured 
resistance consists not only of the nanowire thermal resistance RNW but also 
other contact resistances, which should be taken into account when extracting 
RNW. 
 
Figure 2.9 (a) Image of the probe Pd/SiO2 probe used in 3ω-SThM measurement
83-85
. 
(b) Bi2Te3 nanowires (~40 µm long, ~200 nm diameter) are embedded in anodic 
alumina oxide (AAO) filters. The probe is put on top of the nanowires. By passing 
electrical current with frequency ω through the probe, a temperature fluctuation with 
2ω frequency is triggered, inducing a voltage fluctuation with frequency of 3ω. The 
tip is connected with an individual nanowire due to its small contact area
85
. (c) 
Equivalent thermal schema of the thermal flux passing from the tip to a NW. RC: the 
tip-to-sample contact thermal resistance; RTip-NW: the constriction resistance of the 
heat flux between the tip and the nanowire; RNW: the sample intrinsic thermal 
resistance; RNW-Sub: the constriction resistance of the heat flux between the nanowire 





2.2.3. Raman thermography 
As with any other contact technique, in SThM measurements, a good 
understanding of the heat transport between the tip and the sample is required, 
which is fraught with difficulties. In contrast, the Raman thermography avoids 
tip-sample contact problem by using a non-contact laser beam as a 
heating/sensing tool. It is feasible to measure the thermal properties of 
materials whose Raman spectrum varies with the temperature monotonically 
and sensitively, for example, carbon nanotubes
86-88
. In the experimental set-up 
by Hsu et al.
89
, a focused laser beam (~ 0.36 µm diameter laser spot) was 
scanned along a single-walled carbon nanotube grown suspended over a 5µm 
trench; the nanotube was heated and the local temperature rise was interpreted 
from the the Raman shift of the G band of the Raman spectrum. The thermal 
conductivity of the carbon nanotube and the contact resistance between the 
carbon nanotube and the substrate is interpreted from this local temperature 
rise. In another set-up by Li et al.
90
, the carbon nanotube is preheated by 
passing an electrical current and the temperature at the middle of the carbon 
tube is measured by the Raman shift. The thermal conductivity of the carbon 
nanotube is calculated assuming diffusive heat flow and constant thermal 
conductivity along the tube. However the latter may not be valid because in 
these two set-ups, the local temperature rise is high (Figure 2.10(c)), and the 
temperature-dependence of the carbon nanotube thermal conductivity may not 




Figure 2.10 Raman measurement of single-walled carbon nanotubes
91
 (a) SEM image 
of carbon nanotubes suspended over a 4.7 µm trench. The white circles illustrate the 
size and location of the laser spot. (b) G band Raman frequency measured along the 
length of the nanotube in (a) at different laser powers. (c) Laser heating profile of the 
suspended nanotube shown in (a). Error bars reflect the uncertainties in the G. 
Doerk et al. reported the thermal conductivity of a single vapor-liquid-solid 
grown Si nanowire measured by the Raman thermography
92
. A laser beam is 
used to scan along the vertical Si nanowire grown on the substrate, and the 
local temperature rise is calculated from the Raman shift. Thermal 
conductivity of the nanowire is calculated from the temperature rise and laser 
power absorption. The latter should be carefully investigated because the laser 
power absorption efficiency peaks at certain nanowire-diameters due to the 
light absorption resonance. As a non-contact method, Raman thermography 
avoids the thermal contact resistance; however, the accuracy is limited by the 
laser beam radius and temperature sensitivity of the Raman shift. 
2.2.4. Thermal bridge method 
Using silicon micromachining techniques, micro-electro-mechanical systems 
(MEMS)-based devices have been developed to measure thermal transport in 
nanowires (nanotubes). The fabrication and calibration of such devices have 
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been reported by Shi et al.
7
. Their device is a suspended structure consisting of 
two adjacent silicon nitride (SiNx) membranes suspended with several SiNx 
beams. A platinum resistance thermometer (PRT) coil is designed on each 
membrane. An additional platinum (Pt) electrode is designed on each 
membrane next to each other, providing electrical contact to the sample. The 
schematic and thermal resistance circuit of the experimental set-up are shown 
in Figure 2.11. 
 
Figure 2.11 (a)-(e) Fabrication process of the microfabricated device. (f), (g) 
Schematic diagram and thermal resistance circuit of the experimental set-up
7
. 
When carrying out measurements, a Joule heat is dissipated in the two Pt leads 
that supply the DC current to the heating PRT (so this side is acting as a 
heater), and the temperature of the heater is assumed to rise to a uniform 
temperature Th. A certain amount of the heat Q2 is conducted through the 
sample to the other PRT (acting as a sensor), raising its temperature to Ts. 
From the equivalent thermal circuit (Figure 2.11), the thermal resistance R of 











where Rb is the equivalent thermal resistance of the SiNx beams connecting to 
the environment. Th and Ts are calculated from the measured resistances of the 
two PRTs and their temperature coefficient of resistance (TCR=(dRpt/dT)/Rpt), 
where Rpt is the electrical resistance of the PRTs. It is worth mentioning here 
that Rpt is measured by lock-in amplifiers: a high frequency (~kHz) and low 
magnitude (~μA) AC current is passed through the PRT loops and the voltage 
at this frequency is picked up by the lock-in amplifier. Such a lock-in scheme 
gives better signal-to-noise ratio. 
If the dimension of the nanowire can be measured, say, through TEM, the 
geometry-independent thermal and electrical conductivity (σ and κ, 
respectively) can be calculated. Moreover, the Seebeck coefficient (S) of the 
sample can be obtained by measuring Th, Ts, and the thermoelectric voltage 
VTE that can be measured using the two Pt electrodes. As a result, this method 
is not only able to measure thermal conductivity, but also to measure the 
dimensionless thermoelectric figure of merit, ZT = S
2σT/κ, conveniently. An 
example is the ZT of CrSi2 nanowires
93
, which is a narrow band gap 
semiconducting silicide. The combined Seebeck coefficient and electrical 
conductivity measurements provide an effective approach to probing the 
Fermi Level, carrier concentration, and mobility in nanowires, especially close 
to room temperature and above. Chen’s group94 reported ZT of the bismuth-
telluride nanowires both with and without phase transformation. 
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After its invention, the thermal bridge method has become the most popular 
technique in measuring the thermal conductivity of a single nanowire. For 





 , single- and multi-walled carbon nanotubes
96-
98













 nanowires, etc. Besides measuring the thermal conductivity of 
1D materials, this direct method is also used to measure the in-plane thermal 
conductance of a 2D film, e.g., graphene
104-106
, and nanomesh Si films
2
.  
Substantial efforts have been invested to improve the sensitivity and to reduce 
the systematic error due to the thermal leakage between the heater and sensor, 
so that the thermal transport in nanowires with dimensions approaching the 
phonon confinement regime
50, 107
 with low thermal conductance can be 
probed. For example, Wingert et al. have incorporated a Wheatstone bridge 
circuit to improve the sensitivity of the thermal bridge method for 
ultrasensitive thermal conductance measurement of thin nanowires
50
. The best 
sensitivity experimentally achieved represents a noise equivalent temperature 
fluctuation below ~1 mK; Reddy and co-workers reported a resistive 
thermometry technique that used modulated heating
108, 109
, by which the noise-
equivalent-temperature (NET) can reach as low as 30-50 μK. Zheng et al. was 
able to measure a temperature rise as small as ~50 μK and the thermal 
conductance as low as 5-10 pW/K
110
, by using both a Wheatstone bridge 
circuit and the modulated heating technique, and a cancellation scheme added 
for decreasing the noise due to correlated temperature fluctuation and 
cancelling the effect of radiation loss.  
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With such high sensitivity, the thermal bridge method has become a very 
powerful tool for measuring nanoscale thermal transport. However, by its very 
nature, the thermal bridge method only yields the total thermal resistance of 
the nanowire connection between the two islands. This leads to two major 
limitations. Firstly, the measured thermal resistance includes the parasitic 
contact resistance between the nanowire and the heat source/sink which could 
present a significant source of systematic error, particularly in cases where the 
conductance of the nanowire is large. Secondly, the measurement does not 
discriminate inhomogeneities along the nanowire. For example, in 
heterostructured nanowires, not only would the thermal conductivity vary with 
material composition along the wire, but each interface would also give rise to 
thermal resistance across the boundary, as mentioned in Section 2.1.8.  
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The pros and cons of the techniques mentioned above are summarized in Table 2-1. 
Table 2-1 Summary and comparison between different techniques 




Heating: AC Current 
passing through the 
specimen 
Sensing: Oscillating 
voltage across the specimen  




The specimen should be 
conductive 
No spatial resolution 
The specimen should be 
uniform, and heat is 
assumed to transfer 
diffusively  
SThM 
Heating: The small 
thermometry (e.g. thin Pt 
wire) or the electrical 
current passing through the 
sample 
Sensing: the thermometry 
Able to image both 






between the SThM tip 
and the sample  
Raman 
thermography 
Heating: focused laser 
beam or electrical current 
passing through the sample 
Sensing: the Raman shift 
of the reflected signal 
No contact problem 
Able to spatially 
resolve the thermal 
conductivity of the 
sample  
The spatial resolution is 
limited by the laser spot 
size 
The temperature 
resolution is low 
Difficult to define the 





Heating: Pt loop  
Sensing: Pt loop 
High sensitivity (up 
to~50 µK) 
Able to measure 
the thermal & 
electrical condu-
ctance and Seebeck 
coefficient at the 
same time 
Can only measure the 
nanowire thermal 
conductance as a whole, 
no spatial resolution 
Ill-defined thermal 
contact resistance 
between the nanowire 
and the heating/sensing 
pad. 
2.3. Summary 
In summary, this chapter presented the concept of phonons, the major heat 
carrier in semiconductors and insulators, and the transport of phonons, before 
focusing on phonon transport in nanowires. In nanowires, additional phonon 
scattering is induced by the boundaries. The influence of nanowire diameter, 
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surface roughness, nanowire composition on the phonon mean free path is 
discussed. Besides influencing the phonon mean free path, the phonon 
dispersion can also be adapted when the nanowire diameter is comparable 
with the major-heat-carrying-phonon wavelength. Interfaces embedded in 
nanowires also influence the phonon transport by changing the phonon 
dispersion in core-shell nanowires, and by inducing additional interfacial 
thermal resistance in a nanowire when it is perpendicular to the heat flow 
direction. Lastly, several techniques to probe heat flow in nanowires are 
introduced - the 3ω method, SThM, Raman thermography and the thermal 
bridge method.  
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     Chapter 3
Electron beam heating technique 
In this chapter, the working principle of the electron beam heating technique 
will be presented, followed by a discussion on electron beam - sample 
interaction. The implementation of the technique will then be described, 
including approaches to improve the sensitivity and other technical 
considerations. 
3.1. Working principle  
In a configuration that is similar to that used for thermal bridge 
measurements
103, 104
, the nanowire to be measured is suspended between two 
silicon nitride platforms with integral platinum (Pt) resistance loops. These 
islands are part of a micro-electro-thermal system (METS) device fabricated 
using standard silicon MEMS processes, and are each suspended from the 
silicon substrate (thermal reservoir) via 6 long suspension beams for thermal 
isolation. However, unlike the thermal bridge set-up, where one island is 
heated and the other acts as a temperature sensor, in the present arrangement 
the Pt loops on both islands are configured as thermometers to sense the 
temperature of the left island and that of the right island. Figure 3.1(a) shows a 
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schematic of the set-up where a nanowire, comprising two segments with an 
interface in the middle, is anchored at its ends to the two islands. A focused 
electron beam is positioned along the nanowire and acts as a localized heat 
source wherein part of the energy of the electron beam is absorbed by the 
nanowire through electron beam-material interactions. This raises the local 
temperature above that of the substrate, and causes heat to flow through both 
sides of the nanowire to their respective islands, and finally through the 
suspension beams to the thermal reservoir. In a typical measurement, the 
electron beam is scanned along the length of the nanowire, as the temperatures 
of the left and right islands are measured, corresponding to the heat flux 
flowing out through the ends of the nanowire. Assuming that the nanowire is 
long and thin, and the heating volume is uniform over the cross-section of the 
nanowire, the heat flow is essentially one-dimensional in nature (inset of 
Figure 3.1(b)). 
 
Figure 3.1 Working principle for electron beam heating technique. (a) Schematic of 
the micro-electro-thermal system device, showing the left and right platinum 
resistance sensor islands. A focused electron beam (purple cone) is used as a heat 
source. (b) Equivalent thermal resistance circuit, showing Ri, the cumulative thermal 
resistance from the left island to the heating spot, and the temperature rise of left and 
right sensors ( LT  and RT ).  
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Figure 3.1(b) shows the equivalent thermal resistance circuit. RcL and RcR 
represent the contact thermal resistance between the nanowire ends and the 
left and right islands, respectively. In the absence of electron beam irradiation, 
there is no other heat source, and the entire system is at thermal equilibrium 
with the substrate, which is assumed to be an infinite heatsink at constant 
temperature T0. The electron beam is positioned at distance x along the 
nanowire from the left island, and raises the local temperature by Ti(x). TL 
and TR are the measured temperature rises of the left and right islands, 
respectively. Consider the heat flux from the heating spot to the left island – at 
steady state, the heat flux from the heating spot to the left island has to be 
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   (3.1) 
where Ri(x) is the cumulative thermal resistance from the left island to the 
heating spot, and Rb is the equivalent thermal resistance of the 6 suspension 
beams connecting the left (or the right) island to the environment; Rb is 
measured by the thermal bridge method
103, 104
. 
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  (3.2) 
 47 
 
RT, the total resistance of the nanowire plus the 2 contacts (RcL and RcR), is 
measured by the traditional thermal bridge method, i.e., by electrically heating 
the left island to raise its temperature by TL0, and measuring the temperature 
rise of the right island TR0. From Equation (3.1) and Equation (3.2), Ri(x) can 
be written as: 












 (3.3)  
where i L RT T    and 0 L0 R0T T    .  
Underlying Equation (3.1) and Equation (3.2) is the assumption that the 
thermal transport along the nanowire obeys Fourier’s law. The thermal 
resistance of the entire nanowire can then be considered as that of the left and 
right nanowire segments in series, and is constant irrespective of the heat 
source position. Since Ri is a function of position x, by scanning the electron 
beam along the nanowire from the left to the right island and recording the 
corresponding temperature rises TLand TR, we obtain a spatially-resolved 
thermal resistance profile of the nanowire.  
3.2. Electron beam - sample interaction 
In the technique, the electron beam is used as a localized heat source, so it is 
important to understand its influence on the measured nanowires. In the 
following, two questions are addressed: (i) through what mechanism is the 
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electron beam energy transferred to the sample, and (ii) how does this energy 
transform to heat and what is its influence on the heating volume size?  
3.2.1. Energy absorption from the incident electrons  
When high energy electrons enter a solid, they interact with the constituent 
atoms through electrostatic (Coulomb) forces
111
. The interaction can be 
divided into two categories: elastic scattering and inelastic scattering. Elastic 
scattering involves Coulomb interaction with atomic nuclei. Because of the 
large mass difference between the target nuclei and the incident electrons, the 
energy absorption through this process is usually negligible. However the 
incident electron will be deflected through a large angle once it comes into the 
vicinity of the atomic nuclei, due to the short-range but intense electric field of 
the latter. This large-angle deflection is referred to as the familiar Rutherford 
scattering, which is illustrated in Figure 3.2(a). Inelastic scattering occurs as a 
result of Coulomb interaction between the incident electron and the atomic 
electrons that surround each nucleus. During this process, energy is absorbed 
by the atomic electrons from the beam electrons, as shown in Figure 3.2(b) 
and (c): the energy absorbed excites the inner- and outer-shell electrons to a 




Figure 3.2 A classical (particle) view of electron scattering by a single atom 
(carbon)
111
. (a) Elastic scattering is caused by Coulomb attraction by the nucleus. 
Inelastic scattering results from Coulomb repulsion by (b) inner-, or (c) outer-shell 
electrons, which are excited to a higher energy state. The reverse transitions (de-
excitation) are shown by broken arrows. 
In the electron beam heating technique, it is important to consider elastic 
scattering although there is negligible energy transfer, because elastic 
scattering deflects the incident electrons through large angles which will in 
turn affect the interaction volume of inelastic scattering. The probability of 
elastic scattering increases as Z
2
 with Z being the atomic number - because 
heavier atoms have stronger positive charge on the atomic nucleus
112
, and 
decreases as the electron energy E increases, ~1/E
2
. To illustrate the elastic 
scattering process, Monte Carlo simulation
113
 is used. The sample is a silicon 
nanowire with 100 nm diameter. Electron beams with diameter of 1 nm and 
energy of 5, 10, and 15 keV impinge on the top of the nanowire. The result is 
shown in Figure 3.3, where it is seen that for a material of a given atomic 




Figure 3.3 Monte Carlo Simulation of electron trajectories due to elastic scattering
113
. 
Blue solid line: trajectories of incident electrons. Red solid line: trajectories of 
backscattered electrons. Green solid line: trajectories of secondary electrons. The 
specimen is a 100 nm diameter Si nanowire, the electron beam is oriented 
perpendicular to the top of the nanowire. This is the side view of the nanowire, with 
nanowire boundaries indicated by the red dotted line. For the same atomic number, 
smaller beam energy leads to larger interaction volume. 
Due to inelastic scattering, the incident electrons lose energy along their 













    (3.4)   
where 
0.19 3 (keV) (9.76 58.5 ) 10J Z Z      is the average energy lost per 
event, Z is the atomic number,   is the density (g/cm
3
), A is the atomic weight 
(g/mole), Ei is the electron energy (keV) at any point in the specimen. Notice 
that s is the length of the trajectory, regardless of the direction changes due to 
elastic scattering. From Equation(3.4), 
dE
ds
 depends on both incident electron 
energy and the elemental composition of the specimen.  
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Figure 3.4 illustrates the energy absorption profile for the same specimen with 
different incident electron energies. Note that energy absorption volume is 
larger for lower incident energies, which is due to the elastic scattering. In 
general, thin wires and low atomic number composition favor a small 
interaction volume. However, for a sample with dimensions given, the 
parameter to consider is the electron beam energy. In the case of a nanowire, 
the electron beam is mainly transmitted, and hence the forward-scattering 
profile defines the shape of the interaction volume. Here, a higher energy 
beam is desirable to reduce the extent of forward scattering within the 
nanowire, but the trade-off is that less of the incident electron energy is 
absorbed at very high beam energies (Figure 3.5a), because the scattering 
event is more rare in the case of high beam energy. The absorbed energy is 
also dependent on the diameter, which can be understood straightforwardly 
(Figure 3.5b). 
Figure 3.6 shows the energy absorption for the same electron energy, same 
specimen dimension but different compositions. We first define a nanowire 
with 150 nm diameter, half of which is Si, the other half being NiSi2. A 29keV 
electron beam with 1 nm beam diameter is scanned along the centerline of the 
nanowire from the Si segment to the NiSi2 segment with a step size of 0.5 nm. 
As expected, the power absorption of the NiSi2 segment is larger than that of 
the Si segment (Figure 3.6), because the former has a larger average Z. 
Therefore, the choice of beam energy is then a balance between energy 
absorption, which depends on the nanowire diameter and its composition, and 
the spatial resolution, which depends on the interaction volume.  
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Figure 3.6 also provides a method to determine the location of the interface, 
which is important for experimental considerations. Intuitively the peak of 
dP/dx (where P is the normalized power absorption) can be taken as the 
interface location. However this might not be exact, because the incident 
electron beam is scattered inside the sample, if the electron beam is shining on 
a uniform sample, the energy absorption (which is relative to the scattered 
electrons) is Gaussian-like centered at the incident electron beam position, 
with two tails stretching to two sides; but if the electron beam is moving from 
a light material towards a heavy material (as in the case of Figure 3.6, from Si 
to NiSi2) with a sharp interface, the tail of the absorbed energy (or the 
scattered electrons) goes into the heavy material, which is better in energy 
absorption, as a result, the peak of dP/dx will be found even before the 
electron beam reaches the interface. Indeed, in the case shown in Figure 3.6, 
the peak of dP/dx is at -0.5 nm, whereas the actual interface is located at 0 nm. 
Nevertheless for practical purposes, the peak of dP/dx can be used to locate 





Figure 3.4 Monte Carlo Simulation of energy absorption for same specimen with 
different electron beam energies. The 5% line means that the energy absorbed inside 
the region is 95%. 
 
Figure 3.5 Power absorption by silicon nanowires derived from Monte Carlo 





Figure 3.6: Power absorption across the interface between two different materials, 
derived from Monte Carlo simulations. The differential curve is useful for 
determining the interface position in experiments.  
3.2.2. Energy relaxation from excited hot electrons to phonons  
In the last section we have shown that the local heating is induced by the 
inelastic interactions between the electron beam and the electrons of the atoms 
constituting the specimen. From an excited state, the electrons relax to their 
equilibrium state by transferring the absorbed energy to other forms. What we 
care most is the portion of the energy that is converted into heat (or phonons), 
and the spatial extent before the electrons and phonons return to the 
equilibrium state. Unfortunately there is no complete theory describing this 
problem, and different samples present different geometries, phonon bands 
and electron bands.  
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The first question is which portion of the energy absorbed by the specimen 
electron is converted to heat? According to Colliex’s book on Electron energy 
loss spectroscopy
111
, if a tightly-bound inner-shell electron is excited, the 
target atom is left in a highly excited (or ionized) state and will quickly lose its 
excess energy. In the de-excitation process, an outer-shell electron (or an 
inner-shell electron of lower binding energy) undergoes a downward transition 
to the vacant “core hole” and the excess energy is liberated as electromagnetic 
radiation (X-rays) or as kinetic energy of another atomic electron (Auger 
emission). As a result, the de-excitation of inner-shell electron does not 
generate heat directly.  
 
Figure 3.7: Excitation and De-excitation process of electrons
111
. The energy-level 
diagram of a solid includes K- and L-shell core levels and a valence band of 
delocalized states (shaded); EF is the Fermi level and Evac the vacuum level. The 
primary processes of inner- and outer-shell excitation are shown on the left, 
secondary processes of photon and electron emission on the right. 
If an outer-shell electron is excited, in the case of an insulator or 
semiconductor, a valence electron makes an interband transition across the 
energy gap; in the case of a metal, a conduction electron makes a transition to 
a higher state, possibly within the same energy band. During the de-excitation 
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process, despite cases of electromagnetic radiation in the visible region 
(cathodoluminescence), in many materials, the energy originally deposited by 
the fast electron appears as heat. 
The second question is that how far will the hot electrons travel before they 
transfer their excess energy to the lattice in the form of lattice vibration (or 
phonons)? This depends on electron-phonon coupling strength of different 
materials. The electron-phonon coupling factor is expressed as G, and rate of 
energy transfer from the electrons to the lattice per unit volume is 








, where Tl and Te are the lattice and electron temperatures, 
and Ee is the energy of electrons. For materials with weak electron-phonon 
coupling strength (G~20–60×1015 Wm-3K-1), such as aluminum and noble 
metals, the non-equilibrium electrons can diffuse relatively far, over distances 
of ~100 nm, before the electrons transfer their energy to the lattice
115-118
. 
However this length is smaller (~10-20 nm) for metals with strong electron-




Attention should be paid to indirect band-gap semiconductors such as silicon. 
After excitation, hot electrons return to the bottom of the conduction band by 
phonon emission. This process takes ~1 picosecond
119
, and the heat generation 
rate due to this hot electron relaxation decays exponentially from the injection 
point with a characteristic length ~20 nm
120
. The relaxation of hot holes is 
even faster
121
. However, after the electron reaches the bottom of the 
conduction band, it diffuses over a much longer time before recombining with 
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a hole in the valence band. In the case of nanowires, surface recombination 
dominates, so most of the energy is released as heat. This will alter the heating 
volume, especially when there is an interface (perpendicular to the heat flow 
direction) between the semiconductor and other materials. As the electron-
beam moves near to the interface, a substantial amount of electron-hole pairs 
(EHPs) recombine at the interface, and cause the heating volume to become 
asymmetric about the irradiation point. Such deformation of the heating 
volume may influence the measured Ri, which will be discussed in Chapter 6. 
How much of the absorbed energy is released by the hot electron/hole 
relaxation (short range) and how much is released by EHP recombination 
(long range)? As it will be shown later (Figure 3.11(b) and (c)), the steady-




 during electron beam irradiation, 
much smaller than the available density of states, therefore the excitation rate 
of electrons/holes to a specific energy state (from E to E+∆E) is limited by the 
available density of states, rather than the relaxation rate of electrons/holes. 
The density of states (DOS) of Si is computed by a software Quantum 
Espresso
122
 (Figure 3.8). The computation is carried out by Dr. Zhu Liyan. 
Assuming that an electron/hole has the same probability to be excited to a 
certain energy state, the average energy to which the electron/hole can be 
excited is E1 and E2 (Figure 3.8), which are the centerlines of the areas 
covered by the DOS of valance and conduction band, respectively. Therefore, 
out of (E2 –E1) = 11.5 eV, 1.1 eV (Si band gap) is lost by EHP recombination, 




Figure 3.8 Density of states for Si near the band gap calculated by Quantum 
Espresso
122
. E1 and E2 are the average energy for valance and conduction band. 
The EHP diffusion and recombination within a silicon nanowire with an 
embedded epitaxial Si/nickel disilicide (NiSi2) interface was simulated using 
Silvaco ATLAS software package. In the simulation set-up, a Si nanowire 
with diameter 150 nm (same as the samples used in the experiments) and 
length 1 μm is defined. The nanowire is surrounded by oxide layer. For the 
surface of the nanowire, the surface recombination rate S has previously been 






. In the simulation set-up, 
S=1×10
6
 cm/s is used. At the Si/NiSi2 interface, it is assumed that all the 
excess EHPs recombine, so a large Sint =1×10
10
 cm/s is assigned. The effect of 
the electron-beam generation is modeled by a uniform photogeneration rate 
within a 9×9×150 nm
3
 column in the middle of the nanowire. Shown in Figure 
3.10(a) is a case where the column is 100 nm away from the Si/NiSi2 interface. 
The photo generation rate is extracted from the measured heating power in 
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experiments. Under typical experimental conditions (Electron-beam energy of 
29 keV, and beam current of 0.38 nA), the total temperature rise of the right 
and left sensors TL+TR=1 K. According to energy conservation, the total 
power absorbed P is equal to the power flow out from the two sensors through 
the connecting beam, so P=(TL+TR)Rb=8×10
-8
 J/s. As discussed from Figure 
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 (3.5) 
Figure 3.10(b) shows that Auger recombination should also be considered, due 
to the relative high carrier concentration. From Figure 3.10(c) we can see that 
substantial amount of EHPs recombine at the Si/NiSi2 interface, which 
deforms the heating volume from its original symmetric shape.  













Figure 3.10 (a) Photogeneration is excited in a 9×9×150 nm
3
 column through the 
nanowire. The column is set as 100 nm away from the Si/NiSi2 interface. (b) Auger 
recombination is triggered due to the relative high carrier concentration. (c) Total 
recombination rate. Substantial amount of EHPs recombine at the interface, which 




Figure 3.11 (a) Same as Figure 3.10(a), just to illustrate the relative dimensions for 
(b) and (c). (b) and (c): electron and hole concentrations 
As illustrated in Figure 3.12, the effect of EHP recombination on the heat 
generation volume is related to the surface recombination velocity and the 
doping concentration. If both of them are relatively high, the energy released 
at the interface only constitutes a small fraction (<10%) of the total energy 
carried by EHPs. Considering that the energy carried by EHPs is only a 
portion of the total energy absorbed from the electron-beam, the interface-
recombination effect is even smaller.  
Generally, larger surface recombination velocity and higher doping 
concentration will reduce the influence of EHP recombination. The diameter 
dependence of heating volume distortion is not shown in the figure but 
apparently thinner nanowires give rise to more confined heating volume. In 




Figure 3.12 Normalized heat generation at the interface due to EHP recombination as 
a function of electron beam/interface distance, surface recombination rate and the 
doping concentration. The model is the same as that in Figure 3.10. 
3.3. Experimental set-up 
The experiment is carried out in a scanning electron microscope (SEM) 
chamber at high vacuum (1×10
-5
 Torr) where heat loss through convection can 
be neglected. The nanowire was picked up by a nano-manipulator and fixed on 
the METS device by electron-beam induced deposition of Pt. This process will 
be described in details in Section 4.1.1. The METS device is then wire-bonded 
to a 24 pin dual in-line package (DIP) whose pins are then connected out of 
the SEM chamber to the lock-in amplifier (Stanford Research SR830).  
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The focused electron beam is rapidly and repetitively scanned across the 
diameter of the nanowire, effectively creating a line heating source that is 
perpendicular to the wire axis, which promotes the assumption of 1D heat 
flow. This heating source is then moved from the left to the right along the 
nanowire at rate with a corresponding time constant that is much longer than 
the thermal time constant of the METS device such that the thermal system is 
at steady state at every data collection point. The sensitivity of the resistance 
thermometry measurement set-up is enhanced by adopting a differential circuit 
configuration to offset the nominal resistance of the Pt loop, as shown in 
Figure 3.13(a), which allows us to use a more sensitive range of the lock-in 
amplifier. In conjunction with other techniques described in Section 3.3.1, we 
achieved a measurement sensitivity of better than 0.4 mK, which is necessary 




Figure 3.13 Experimental set-up of electron beam heating technique. (a) 
Measurement circuit for the suspended right and left sensors. A differential circuit 
configuration is used to offset the nominal resistance of the Pt loop (b) Scanning 
electron microscope (SEM) image of the micro-electro-thermal system (METS) 
device, showing the METS device linked out by the suspended Pt on SiNx beams. A 
through hole is drilled beneath the METS device. (c) SEM image of the METS device 
inside the yellow dotted rectangle in (b). The four electrodes connecting to the 
nanowire are grounded. The minimum gap between left and right sensors is 5 µm. 
3.3.1. Improving measurement sensitivity 
The measurement sensitivity is substantially improved compared to that for a 
typical thermal bridge method by adopting the circuit configuration shown 
schematically in Figure 3.13. The signal-to-noise ratio (SNR) was 
significantly enhanced in the following 4 aspects. 
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(1) Signal improvement: in order to bring the voltage signal to a level 
well above the noise floor, a relatively large AC current Iac (≤10 
μA, supplied by a Keithley 6221) is used for 4-point I-V resistance 
measurement. Note that with 10 μA AC current, the temperatures 
of both sensors rise ~8 K above the substrate temperature, and 
hence the sample temperature is 308 K if the substrate temperature 
is maintained at 300 K. We have confirmed that this level of 
current does not introduce observable nonlinear effects in the 
measurement. 
(2) Cable noise: in order to prevent the degradation of the SNR due to 
cable noise and pickup, pre-amplifiers with 10× gain were installed 
right outside the SEM chamber to increase the voltage levels. 
(3) Lock-in amplifier noise reduction: Digital lock-in ampliﬁers suffer 
from quantization noise when operated with a large input voltage 
range to accommodate the voltage drop across the platinum 
resistance thermometer (PRT). In order to reduce the quantization 
noise by exploiting a more sensitive input voltage range, the 
nominal PRT voltage is offset by a differential amplifier 
arrangement in which a reference resistance Rf is adjusted to match 
the PRT resistance (for the left and right PRTs individually), such 
that only changes in voltage due to a change in the PRT resistance 
are amplified by the lock-in. By nulling off the PRT’s voltage 
offset, an (A-B) differential signal level of 1-5 mV (Iac =10 μA, 
after 10× amplification) is typical, allowing the use of the 5 mV 
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input range instead of the 1V input range of the SR830 lock-in 
amplifier. This provides a substantial reduction in quantization 
noise. 
With the above improvements, the measurement circuit is capable of 
supporting spatially-resolved measurements of thermal resistance at 
nanometer resolution, as the temperature rise of the left and right sensors are 
usually small (<1 K) under electron beam irradiation. The voltage noise at the 
amplifier input is calculated using the time constant and filter roll-off settings 
of the amplifier. To allow for high-speed spatially-resolved profiling, these 
were set to 100 ms and 18 dB/octave, respectively. Typically, for resistance 
profiling along a length of 870 nm, the time required for electron beam 
scanning along the wire is less than 2 minutes. Given the input noise of the 
SR830 lock-in amplifier of 5 nV/ ( )Hz  and the equivalent noise bandwidth 
(ENBW, Δf) of 0.93 Hz (Δf=3/32τ, where τ is the time constant, 100 ms), the 
noise at the amplifier input is therefore 
 (5nV/ (Hz)) 4.8 nVampN f    (3.6) 
The voltage noise at the pre-amplifier (INA110 High precision 
instrumentation amplifier, gain G=10) output is  
 (65nV/ (Hz)) / 6.3 nVpre ampN f G     (3.7) 
Additional voltage noise is caused by the Johnson noise associated with the Pt 
resistance loop itself, which is given by 
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 4 11.1 nVj BN k TR f    (3.8) 
Here, T is the temperature of the resistor (~300 K), R is the respective 
resistance value (R=8 kΩ), kB is the Boltzmann constant, and Δf is the 
equivalent noise bandwidth (0.93 Hz). The total voltage noise at the lock-in 
amplifier input is calculated using all of the noise sources in the system: 
 2 18.7 nVi
i
V N    (3.9) 
Therefore the limit of the resistance change (noise equivalent resistance) that 







     (3.10) 
Hence, the noise equivalent temperature (NET) can be obtained from the noise 
equivalent resistance calculated above: 
 NET 0.14 mK
14
R
   (3.11) 
This NET provides the theoretical lower limit under ideal conditions, whereas 
in the practical set-up it is limited by the instrumentation, namely by the 
quantization noise of the digital lock-in amplifier. As shown in the inset of 
Figure 3.14, the experimental noise level is ~0.3-0.4 mK. Such extremely high 
sensitivity is well below the temperature fluctuation (both local due to 
radiation noise and global noise due to ambient temperature fluctuation) of the 
 68 
 
system. Measuring the temperature fluctuation of the Pt thermometer shows 
that the fluctuation in the ambient temperature of the stage is ~30 mK over a 1 
hour time period at room temperature. However, for a typical resistance 
profiling measurement, it takes only ~2 minutes, so the ambient temperature 
fluctuation within a single measurement can be less than 1.5 mK as shown in 
the inset of Figure 3.14. Such a small fluctuation is negligible compared to the 
typical temperature rise (~0.5 K) in the electron beam heating measurement.  
 
Figure 3.14 Typical temperature fluctuations over a half an hour. Insect: typical noise 
over a 2 minute window 
3.3.2. Other technical considerations 
Precautions are taken to prevent the high energy electron-beam from 
generating unwanted effects due to scattering.  
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Firstly, when the electron beam impinges on the nanowire, back- and forward- 
scattered electrons will be generated. Inevitably some of them scattered to the 
sides will be intercepted by the sensor, which induces unwanted heating. As a 
result, high electron-beam energy should be used so as to minimize such 
scattering effects. An experiment was carried using a foreshortened Si/NixSiy 
heterostructured nanowire attached to only left sensor (Figure 3.15(a)). Upon 
electron beam irradiation, all the energy absorbed by the nanowire goes to the 
left sensor, raising its temperature by ∆TL, so the energy absorbed equals to 
∆TL/Rb. Should there be no electron scattering, the temperature rise of the 
other sensor ∆TR will equal to zero. However a finite ∆TR is induced because 
the right sensor is hit by scattered electrons (Figure 3.15(b)), and the energy of 
∆TR/Rb is transferred by the scattered electrons. Figure 3.15(c) and (d) show 
the ratio of the scattered energy and the absorbed energy (∆TR/∆TL), both 
measured experimentally and calculated by Monte Carlo simulations. The 
detailed information for the Monte Carlo simulation can be found in Appendix 
I. As the electron beam is scanning from the Si side to NixSiy side (the 
interface is located at x=0), ∆TR/∆TL is different for different electron beam 
energies. Both experiments and simulations give the same trend, although the 
absolute value differs. One possible reason for the discrepancy in the absolute 
value is that in the real case, the sensing platform and the nanowire may not be 
in the same plane, i.e., the platform may tilt for a small angle and the 
projection area of the scattered electrons becomes much larger.  This electron 
scattering effect can give rise to systematic errors if it is not taken care of. 
Generally, such effect can be minimized using higher electron beam energy, as 
shown in Figure 3.16(b). The guide line is that for each sample, such “broken 
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bridge experiment” should be carried out in order to find the proper electron 
energy under which the temperature rise of the non-connected sensor is 
negligible comparing with the connected sensor.  
 
Figure 3.15 (a) SEM image of a nanowire only connecting to the left sensor. The dark 
portion of the nanowire is Si, and the bright portion is NixSiy. The gap between left 
and right sensor is 5 μm. (b) Monte Carlo simulation showing the scattered electrons 
hit the right sensor and transfer energy to it. (c) and (d): experimental and simulation 




Figure 3.16 (a) SEM image of another foreshortened sample similar to that of Figure 
3.15(a). (b) ∆TR/∆TL for different electron beam energies. For this sample (Si/NiSi2 
nanowire with diameter of ~150 nm), as the electron beam energy reaches 30 keV, 
the effect of scattered electrons is negligible.  
Secondly, when the electron beam penetrates the nanowire and hits a substrate 
beneath, the generated back-scattered and secondary electrons can strike the 
sensor islands, which would induce both unwanted heating and parallel 
conduction paths among the Pt loops as a result of electron-beam induced 
conductivity. To prevent this, a Faraday cup is placed beneath the through-
hole METS device, which is realized by drilling a through hole in the gold 
substrate of the DIP, and connecting it to another deep hole drilled in the 




Figure 3.17: Faraday cup beneath the sample, preventing back-scattered and 
secondary electrons from striking the SiNx islands of the sensors. (a) The deep hole 
drilled in the holder (highlighted in yellow color). The bottom of the hole is blocked 
by carbon tape, which is not shown here. (b) A through is drilled through the gold 
substrate of the DIP, which is right beneath the suspended SiNx islands 
3.4. Summary 
In summary, this chapter introduces the electron beam heating technique. 
Firstly the working principle is given. Then the influence of electron beam - 
sample interaction is discussed: the electron beam interact with both specimen 
atoms and electrons. When the incident electrons are scattered by specimen 
atoms, the energy transfer is negligible, but this elastic scattering changes the 
incident electron trajectories along which the incident electron losses energy to 
the specimen electrons through inelastic scattering, as a result, both elastic and 
inelastic scattering is of important consideration. The final heating volume 
also depends on the electron phonon coupling, and care should be taken if the 
sample is a semiconductor with indirect band-gap. Finally the implementation 
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of the technique is presented, including approaches to improve the sensitivity 
and other technical considerations to prevent the effect of electron scattering. 
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     Chapter 4
Thermal conductivity of helium ion 
damaged Si nanowires 
In this chapter, we use the electron beam heating technique to spatially profile 
the thermal conductivity of a locally damaged Si nanowire. The damage is 
induced by a ~36 keV helium ion beam with different doses at different 
positions along the nanowire. The type of helium-ion induced lattice disorder 
and its effect on the nanowire thermal conductivity will be discussed.  
4.1. Sample preparation 
4.1.1. Fixing Si nanowire on the suspended METS device 
Silicon nanowires with diameter ~160 nm (Sigma-Aldrich 730866) grown in 
[111] direction dispersed in 2-propanol solution were drop-casted onto a SiO2/Si 
substrate. A single Si nanowire was picked up from the substrate by a nano-
manipulator (Kleindiek MM3A-EM) with a sharp tungsten probe. This process 
is carried out in an SEM chamber. Firstly the probe was swept gently across 
the nanowire to loosen it from the substrate. Then the probe is pressed down 
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on one end of the nanowire until this end was attached to the probe by van der 
Waal’s force. After this, the probe was slowly lifted up. The nanowire would 
detach form the substrate if the van der Waal’s force between the probe & 
nanowire is larger than that between the nanowire & substrate. The probe was 
then moved to a pre-fabricated suspended METS device
124
, attaching the other 
end of the nanowire to the sensor. The electron beam was scanned 
continuously across the contact area for 5-8 minutes, in order to deposit a 
carbonaceous by electron-beam induced deposition (EBID) to reinforce the 
nanowire/sensor contact. To release the nanowire form the probe, another 
probe was used to scratch the nanowire/probe contact (Figure 4.1(a)). After 
these steps the nanowire was successfully transferred from the substrate to the 
suspended METS device (Figure 4.1(b)). Finally both ends of the nanowires 
were bonded onto the two sensors by Pt-C composite material using EBID in a 
dual-beam FIB (FEI Quanta 200-3D) (Figure 4.1(c)). In EBID, a focused 
electron beam with acceleration voltage of 30 kV and high current (1.3 nA-5 
nA) was used.  
 
Figure 4.1 (a) Transferring a Si nanowire to the METS device by nano-manipulator. 
The nanowire is being released from probe 2 by inserting probe 1 in to the contact 
area between probe 2 and nanowire. (b) After releasing, the probes are moved away 
and the nanowire stays on the sensors. (c) Electron-beam induced deposition (EBID) 
of Pt was used to fix the nanowire. 
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4.1.2. Irradiating Si nanowire using helium ions 
The on-device Si nanowire was then cleaned using an Evactron RF plasma 
cleaner attached to the SEM chamber operated at a power of 14 W in 0.4 Torr 
of air for 2 hours, after which it was put into the Helium ion microscope (Zeiss 
Orion Plus) chamber and pumped overnight. It was then irradiated by helium 
ions (~36 keV, 0.2 pA) with different doses at different positions (Figure 4.2). 
This is achieved with the help of nanometer pattern generation system.  
Three samples were irradiated under similar He
+
 energy and current (or dose 





chosen is such that there is no significant sputtering of Si atoms, and the 
change of the Si nanowire diameter is not observable under TEM. The dose 
was then decreased for each irradiated position. For Samples #2 and #3, the 
distance between two irradiated portions (D2) is larger than that of Sample #1, 
so as to doubly confirm that the two irradiated portions do not influence each 
other. Sample #2 was intended to supplement the results obtained from sample 
#1 at high dose, whereas Sample #3 focused on the influence of low dose on 
the thermal conductivity and the annealing effect on the defects induced by 
high energy helium ions. 
Sample #3 was annealed in air at 120 °C for cumulative periods of 20, 40, 80 
and 160 hours, with measurement by the electron beam heating technique 
carried out for each interval. After this, it was put into tube furnace and 





Figure 4.2 Si nanowire damaged by helium ions. (a) SEM image of Sample #1. The 
shaded regions are damaged by ~35 keV helium ions with different doses. The gap 
between the left and right sensor is 5 μm. (b) and (c) SEM images of Samples #2 and 
#3. 
Table 4-1 Experimental conditions for helium ion damaged Si nanowires 
Sample # #1 #2 #3 
He+ Energy (E) 
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4.2. Lattice disorder created by helium ions 
When a high energy ion strikes a crystalline specimen, its kinetic energy is 





 (Figure 4.3), which creates zones of 
disorder, populated by interstitials (I) and vacancies (V). The lattice in these 
disordered regions exhibits different damage configurations going from 
isolated point defects and point defect clusters in essentially crystalline 
structure, to continuous amorphous layers, as the dose of the implanted ions 
increases and damage from the ions accumulates
126
.  
Three aspects of the damage created by helium ions impinging on the Si 
nanowire are now considered as follows. 
1) As-produced damage of helium ions 
In the nuclear stopping process, primary energetic helium ions can knock off 
Si host atoms from their lattice positions. If the secondary knocked-off Si 
gains enough energy, it can in turn displace other host Si atoms from their 
lattice positions. This cascade process continues until the residual energy is 
smaller than the displacement energy (Figure 4.3). During this process, a large 
number of displaced atoms (or Frenkel pairs, each of which is composed of a 
vacancy and a nearby interstitial) are created along the track of the incoming 
ion
127
. The stopping range and displaced atoms can be calculated by Monte 
Carlo simulations based on a binary collision approach (TRIM/SRIM
128
). To 
mimic our experiment, a 36.2 keV helium ion beam and a 160 nm thick Si 
film is used in the simulation, and the results are shown in Figure 4.4. The 
simulation shows that the damage created by helium ions (the red and green 
dots in Figure 4.4(a)) is discrete rather than continuous. This is because of the 
light helium ions, which create point and point-like defects rather than large 
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damage clusters, the latter typically resulting from heavy implanting ions
129
. 
Moreover, the defect profile is relatively spatially uniform (Figure 4.4(b)), 
unlike the case for thick Si substrates, in which a well deﬁned peak exists at 
the end of range. This is because of the small thickness of Si film and high ion 
beam energy. Lastly, most of the helium ions penetrate the thin film, leaving 
only 2% of the helium ions remaining inside the sample. Since each helium 
ion creates 33 vacancies, the number of residual helium atoms is much smaller 
than the number of damaged lattice sites. 
 
Figure 4.3 Upper: Damage to the specimen due to high energy helium ion 
irradiation
129
. Lower: Conditions for the damage created by energetic ions to the 
target
125
. E is the energy of the projectile (it can be helium ion or the specimen ions 
that gains energy during the previous collision); E1 and E2 are the energies of the 
projectile and target after collision. Z1 and Z2 are the atomic numbers of the projectile 




Figure 4.4 Monte Carlo calculation
128
 of lattice damage by a 36.2 keV He ion beam 
on a 160 nm thick Si film. (a) Solid black line: The trajectory of the helium ion. Red 
dots: Vacancies created by the helium ion and target atoms (Si in our case). Green 
dots: vacancies created by recoiling target atoms. (b) The damage creation in the Si 
film. Vacancy means that the target atoms are knocked off their lattice site and are 
not replaced by the other recoiling target atoms. 
2) Stable defects at room temperature 
The as-produced interstitials and the vacancies created during the irradiation 
process are not stable at room temperature
129
. Therefore, they undergo 
extensive interstitial-vacancy recombination, defect clustering, and pairing 
with impurities (e.g., carbon and oxygen) during and after the irradiation 
process at room temperature. As a result, only 1%-10% of the defects survive 
at room temperature for bulk materials
130
. For the case of nanowires, 
annihilation at the surface may also enhance this annealing effect, due to the 
high surface-volume ratio
131
. Moreover, although the as-produced point defect 
is linearly proportional to the dose (from simulations by TRIM/SRIM), the 
damage left has a sublinear relationship with the dose
130
. For example, 
 81 
 
Knights et al. reported that 0.7C   0.7C  for 450 keV proton implanted Si 




There is a consensus view that the stable defects left in room-temperature 
silicon are predominantly divacancies
132
, which are formed by two nearby 
vacancies. It has also been shown experimentally that at room temperature, 




3) Crystalline to Amorphous transition at high dose 
As we have discussed above, under light ion irradiation, only simple point 
defects are formed, and most of them anneal out at room temperature. 
However, this is only applicable where the dose is relatively low. Where the 
dose is beyond a critical value, the damage can grow rapidly, which is shown 
to be precipitated by the onset of amorphization: the amorphous regime, once 
formed, promotes the growth of damage in surrounding regions which in turn 
leads to further amorphization
134
. Finally, the whole irradiated region become 
amorphous.  
How does the amorphous regime form? It is found that for silicon, the free 
energy of an amorphous phase exceeds that of a crystalline phase, but an 
energy barrier exists between them (Figure 4.5). As a result, the high energy 
ion-induced disorder can build up in crystalline silicon until its local free 
energy overcomes the energy barrier. At this point, the defective crystalline 
lattice can collapse to an amorphous phase
129
. The critical dose at which this 
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transition occurs also depends on the temperature and dose rate, which 
influence the balance of defect generation rate and annealing rate
135
. The 
possible microscopic description of this crystal-amorphous transition was 
raised by Marqués et al. – the building block of the amorphous phase is the 
Interstitial-Vacancy pair which recombines fast when isolated but can survive 
longer if they interact with each other136. 
 
Figure 4.5 The free energy differences between amorphous and crystalline materials, 
showing silicon and metals
137
. 
This amorphization process can be viewed from the diffraction pattern of the 
irradiated sample. Figure 4.6 shows the bright field image and diffraction 









). The non-irradiated portion of the nanowire shows crystal spots 





, the nanowire is fully amorphized, leaving only short-range order among 
Si atoms, as indicated by the Debye-Scherrer rings
138
 (inset(b)); for the 




, both Debye-Scherrer rings and 
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diffraction spots can be seen (inset(c)), indicative of the coexistence of both 
amorphous and crystalline phases.  
 
Figure 4.6 TEM images of the irradiated nanowire, including both bright field image 
and diffraction patterns.  
4.3. Experimental results and discussions 
4.3.1. Calculating Ri(x) 
The first step to obtaining Ri(x) is to measure α0. A 10 μA DC current is 
passed through the left sensor, raising its temperature (∆TL0) by ~8.5 K, 
measured from the resistance rise of the Pt loop, and the temperature rise of 
the other sensor is also measured so that α0=∆TL0/∆TR0. After turning off the 
DC current, a focused electron beam scans along the nanowire, and the 
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temperature rise of both sensors (∆TL and ∆TR) are measured as a function of 
the electron beam position so that αi(x)=∆TL(x)/∆TR(x). Ri(x) is calculated 














. Figure 4.7(a) shows the 





). From this figure we can see that as the electron 
beam scans from left to right across the damaged portion, ∆TL (∆TR) 
undergoes obvious decrease (increase), indicating that the thermal resistivity 
of this portion is much larger than that of the intrinsic portion. This is 
confirmed by the rapid increase of the Ri(x) curve at the damaged portion. 
Figure 4.7(b) plots the Ri(x) curves for all the portions with different doses.  
 
Figure 4.7 Ri(x) curve for Sample #1. (a) Ri(x), ∆TL(x) and ∆TR(x) for damaged 




). (b) Ri(x) curve for all the portions. 










2dA  , d representing the diameter of the nanowire, and d=160 nm 
for all the three samples, measured from the TEM images. i
dR
dx
 is obtained by 
linearly fitting the Ri(x) curve of the damaged portion and the intrinsic portion. 
Note that the beginning and ending 50 nm of these portions are stripped off in 
order to avoid the non-uniformity of dose near the edge. As the thermal 
conductivity is calculated by the gradient ( i
dR
dx
) for each portion, one can 
conveniently obtain the local thermal conductivity of each 
damaged/undamaged portion belonging to a single nanowire. Moreover, 
contending with the ill-defined thermal contact resistance, which is a long 
standing problem of the conventional thermal bridge method, is avoided in our 
technique. 
Plotted in Figure 4.8 are the experimental results for all three samples. The 




during linear fitting and the uncertainty in the diameter (±5 nm), the latter 
being one to two orders smaller than the former. The representative error bars 
for Samples #2 and #3 are plotted in Figure 4.8. The intrinsic thermal 
conductivity of the nanowire is 50.4±2.4 W/m-K, obtained by linearly fitting 
several undamaged portions of Sample #2 and taking the statistical result. The 






Figure 4.8 Thermal conductivity of Samples #1, #2 and #3 vs doses. Inset: the 
same data plotted on a log scale. The amorphous limit is ~1.7 W/m-K (at 300 
K) taken from literature
139
. 
4.3.2. Crystalline to amorphous transition 
Clearly two regimes can be identified from Figure 4.8 – in the regime of 




), the thermal conductivity drops almost 
exponentially as the dose increases (inset of Figure 4.8), whereas in the regime 
of dose ≥ 2.5×1016 cm-2, the thermal conductivity does not drop much with 
dose. Moreover, there is a clear gap between these two regimes, as shown in 
the inset of Figure 4.8. This can be attributed to the crystalline-amorphous 
phase change of the irradiated Si nanowire. Indeed, the Debye-Scherrer rings 
indicative of amorphous phase can be readily seen in Figure 4.8(b) and (c), 
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, and similar 
diffraction patterns for Sample #2 can also be seen in Figure 4.9 (a)-(d); also, 
from the dark field TEM image of Sample #2 (Figure 4.9), no contrast can be 




, supporting the fact that the 
nanowire crystallinity is still preserved. As we have discussed in Section 4.2, 
below the threshold dose at which the crystalline-amorphous transition occurs, 
only point defects are generated, most of which anneal out at room 
temperature. However, when the dose exceeds the threshold value, the overlap 
of the damage may cause the lattice to collapse into amorphous pockets, which 
cannot be annealed back at room temperature due to the energy barrier 
between the crystalline and amorphous phases. These amorphous pockets 
grow rapidly upon further irradiation, until the entire irradiate volume 
becomes amorphous. This growth mechanism explains why there are two 
regimes observed in the experimental result. It also explains why the thermal 




 is higher than that for larger doses: 




, both crystalline and amorphous phases 
co-exist, whereas the amorphous region rapidly takes the whole portion for 




, the thermal conductivity is 






Figure 4.9 Dark field TEM image of Sample #2. (a), (b), and (d) are the diffraction 




. (c) is the 
diffraction of the intrinsic portion of Si nanowire. Both Debye-Scherrer rings and 
diffraction spots can be seen in (b), whereas only Debye-Scherrer rings can be seen in 
(d), indicating a fully amorphization  
4.3.3. Phonon scattering by point defects and NEMD 
simulation 
Now we focus on the low dose regime where only point defects are created. 
What is the density of the point defects? A very rough estimation can be 
obtained by assuming that 10% of the Si vacancies created by helium ion 
survive (see Section 4.2(2)), and that the Si nanowire has a square cross-
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section of 160×160 nm
2
. As mentioned in Section 4.1.2, one helium ion 




33 160 (nm) length
10% dose(1/cm ) 2 10 (1/cm) dose(1/cm )
160 (nm) 160 10 (cm) length
 
    
  
 (4.2) 
As there are 5×10
22
 Si atoms per cm
3




, 4% of the Si 
atoms are displaced, acting as scattering centers for phonons. This value 
provides the upper bound of the scattering centers because firstly, we use the 
upper bound of the survival rate (10%), and secondly, the actual damage by 
helium ions may be smaller than 33 vacancies/ion due to the channeling effect, 
which may take place since the helium incident direction is parallel to the 
densely packed plane, i.e., (111) plane; thirdly, the dominant defect left at 
room temperature is divacancy, which means two displaced sites combine and 
act as one scattering center. Besides the vacancy-type defect, there is also a 
small amount of helium ions left and there may also be interstitial or 
interstitial-like defects in the nanowire. 




(Figure 4.8) we can 
see that point defects have a strong effect on the phonon scattering of 
irradiation-damaged Si nanowire: firstly, the thermal conductivity decreases 
nearly exponentially as the dose (and the corresponding density of point 





) is capable of decreasing the nanowire thermal 
conductivity by nearly 70%.  
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The inverse phonon life time (phonon relaxation rate) contributed by 
substitutional point defects for a simple cubic lattice is 1 4
i A 










 , where c is the point defect concentration per atom, ∆M the 
mass difference between the substitutional atom and the host atom, M the 
mass of host atom, a the lattice constant and v the phonon group velocity
140, 
141
. For the case of vacancy defect, as it removes the mass of one atom and 







Hence, compared with substitutional point defects, the vacancy defect has a 
much stronger phonon-scattering effect and is highly effective in reducing the 
lattice thermal conductivity. Indeed, experiments by Pei et al. showed that a 
small amount of vacancy defects (3%) in the In2Te3 lattice introduced by 




To further prove the role of phonon vacancy scattering, and to incorporate the 
effect of phonon boundary scattering (which also comes into play as our 
sample is in the form of a nanowire), non-equilibrium molecular dynamics 
(NEMD) simulation was carried out by Dr. Chen Jie. In the simulation, a Si 
nanowire with cross-sections of 3×3, 6×6 and 9×9 unit cells (0.543 nm per 
unit cell) and length of 20 unit cells was created. Stillinger–Weber (SW) 
potential
144
 was used to derive the force term. The beginning and ending 
atomic layers are set as fixed boundaries, whereas free boundary condition is 
applied for the atoms on the nanowire surface. Langevin heat reservoir is used 
and the thermal conductivity is computed by Fourier’s law: /J T    , 
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where J is the heat current and T  the temperature gradient. The heat flux is 







  F v , where S is the cross sectional area, and Fi and vi are the 










    v v , where N is the number of atoms in the 
local bin, kB is the Boltzmann constant, and the angular bracket denotes the 
ensemble average. NEMD simulation is performed long enough to ensure 
steady state are reached where the heat flux and temperature profile are time 
independent. The temperature gradient is calculated based on the linear 
regression analysis of the temperature profile in the middle (Figure 4.10). The 
Si nanowire with vacancies is modeled by randomly removing some Si atoms 
(up to 20%) and then removing the single-bonded atom pairs (Figure 4.11). 
The thermal conductivity for the intrinsic and etched Si nanowires with 
different diameters are plotted in Figure 4.12, from which we can see that the 
larger the diameter is, the more severe the reduction in thermal conductivity, 
indicating a competing role of boundary effect and phonon vacancy scattering. 
Moreover, for a Si nanowire with cross-section of 9×9 cells (diameter of 6.9 
nm), the thermal conductivity is reduced by ~75% by removing only 5% of the 
atoms. This is very similar to our experimental result, suggesting that vacancy 
scattering may play a dominant role in reducing the thermal conductivity of 
the irradiated Si nanowire. To further investigate the role of phonon vacancy 
scattering, NEMD simulation for a lower concentration of vacancy defects can 
be carried out as a future work. 
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Lastly, it has to be stated that the role of helium and Si interstitials is not clear. 
A helium interstitial can remain in the nanowire at room temperature, but its 
amount is limited as most of the helium ions penetrate the nanowire during the 
irradiation process. Si interstitials, which are the counterparts of the created 
vacancies, can follow athermal migration even at 4.2 K, and the migration 
distance is long in high purity material; however they can also form clusters or 









Figure 4.11 (a) Un-damaged Si nanowire, (b) Si nanowire with vacancies randomly 
removed. 
 
Figure 4.12 Thermal conductivity vs percentage of removed Si atoms. The blue arrow 
points the trend with increasing cross sectional area. 
4.3.4. Effect of annealing on point defects 
It has been shown in literature that room-temperature stable point defects such 
as divacancies can be annealed out at higher temperatures. To investigate this 
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annealing effect and its effect on the thermal conductivity, experiments were 
carried out for Sample #3. As mentioned in Section 4.1.2. Sample #3 was 
annealed in air at 120 °C for cumulative durations of 20, 40, 80 and 160 hours 
with measurements taken by the electron beam heating technique in between. 
After this, it was put into a tube furnace and annealed in forming gas at 300 °C 
for two hours.  
Upon annealing, the total thermal resistance (RT) of the nanowire became 
progressively smaller, and as a result, α0 followed likewise. Note that they are 
related by the equation: RT = (α0-1)Rb. The spatially resolved thermal 
measurement showed that this decrease of α0 is due to the increase of the 
irradiated-portion’s thermal conductivity, while the thermal conductivity of 
the non-irradiated portion remained the same (Figure 4.13) as expected. 
 
Figure 4.13 Thermal conductivity enhancement due to annealing. The damaged 




. The dashed curve 
illustrates the Ri curve if the Si nanowire was not irradiated. 
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The before and after annealing results are plotted in Figure 4.14(a). From this 
figure we can see that for 120 °C annealing, the thermal conductivity of the 
irradiated portion increases noticeably after 20 hours. However upon 
subsequent annealing at the same temperature, further improvement is limited, 
even after annealing for 160 hours. On the other hand, only 2 hours of 
annealing at 300 °C improves the thermal conductivity substantially, and for 




), the thermal conductivity has almost recovered 
to that of the non-irradiated portions. This can be further illustrated by Figure 
4.14(b), in which the Ri(x) curve becomes a straight line, and the irradiated 
and non-irradiated potion cannot be differentiated from each other.  
It has been shown that the predominant point defects – divacancies – become 
mobile only at 200-300 °C, but at lower temperatures, the divacancies could 
be annihilated by interstitials that dissociated from clusters and diffused 
through the lattice. It was previously found that by annealing a proton-
irradiated Si substrate at 150 °C for ~60 hours, the divacancy concentration 
can be decreased by 54%
145
. This annihilation of divacancies by interstitials 
explains the increase in the thermal conductivity upon annealing at 120 °C. On 
the other hand, at 300 °C, divacancies become mobile and migrate to sinks
132
 
(most probably to the surface of the nanowire in our case), and if their 
concentration is high enough, they also agglomerate to form small clusters that 
are stable up to 500 °C
132
. This explains the experimental results of the 300 °C 
annealing – at low doses (2.5×1014 cm-2), nearly all the divacancies migrate to 
sinks and disappear, so that the thermal conductivity is nearly fully recovered, 
while at higher doses, divacancies agglomerate, forming clusters which 
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continue to act as scattering centers, so that the thermal conductivity of these 
portions could not be recovered.  
 
Figure 4.14 Thermal conductivity enhancement due to annealing. (a) Thermal 
conductivity versus dose. (b) After annealing at 300 °C for two hours, the thermal 




 was recovered.  
4.4. Summary 
In this chapter, we used the electron beam heating technique to study a Si 
nanowire irradiated by helium ions. We observed a clear transition from 







from the trend of thermal conductivity versus dose curve. The observation of 
the crystalline to amorphous transition is found to be correlated to the change 
in thermal conductivity. Moreover, within the dose regime in which only point 
defects are created, we observed that the Si nanowire thermal conductivity 
decreases almost exponentially as the dose increases, and only 4% of point 
defects could reduce the thermal conductivity by ~70%, indicating a strong 
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phonon scattering effect by point defects. This is supported by the results from 
NEMD simulations. Finally, we observed that annealing could improve the 
thermal conductivity of the damaged nanowire, and at 300 °C for two hours, 











     Chapter 5
Spatially resolved thermal 
conductivity of Si1-xGex/NiSi1-xGex 
bamboo-structured nanowires 
Silicon germanium alloy is a good thermoelectric material and is widely used 
in the industry
6
. Recently, it has been proposed that embedding 
silicide/germanide nanoparticles in a silicon germanium matrix can effectively 
decrease the thermal conductivity of the host material, due to phonon 
scattering by nanoparticles
44
. However, the contribution of each material to the 
effective thermal conductivity and the interfacial thermal resistance (ITR) 
between the materials in the matrix are not known.  
In this chapter we apply the electron beam heating technique to a nanowire 
that is bamboo-structured comprising two materials, namely silicon 
germanium and nickel germanosilicide. We will show how the thermal 
conductivity of both Si1-xGex and NiSi1-xGex portions can be obtained from a 
measurement of Ri, and discuss the contribution of interfacial thermal 
resistance between Si1-xGex/Ni Si1-xGex interfaces. 
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5.1. Sample fabrication 
The silicon germanium nanowires were synthesized by the vapor-liquid-solid 
(VLS) method
146
. Firstly the silicon germanium nanowires grown on the 
substrate were dipped into dilute hydrofluoric acid (HF) for about 1 minute to 
remove the native oxide layer. After that, the silicon germanium nanowires 
were transferred to a Si substrate by rubbing. A thin Ni layer (~70 nm) was 
then evaporated on top of the silicon germanium nanowires (Figure 5.1(a)). 
Finally, the sample was annealed using rapid thermal annealing (RTA) in 
ambient Ar (90 sccm) and H2 (10 sccm) at a pressure of 133 mbar. The 
annealing temperature is from ~780 °C, and the annealing time is 10 minutes. 
Here it should be noted that the Ni layer should be thin enough so that the Ni 
on top of the silicon germanium nanowires is not continuous with that on top 
of the Si substrate. Upon annealing, the Ni covering the Si substrate formed 
nickel silicides, hence it did not move around and the nanowires were not 
contaminated by excessive Ni; the Ni on top of the silicon germanium 
nanowires will ball up first and then diffuse into the nanowire, forming nickel 
germanosilicide. As the Ni broke up before diffusing, the nanowires became 
bamboo-structured made up of silicon germanium and nickel germanosilicide, 
with pitch of 0.3-0.4 μm. After annealing, the sample was dipped into TFG (a 




Figure 5.1 Synthesis of Si1-xGex/NiSi1-xGex bamboo-structured nanowires. (a) A 
proper thickness of Ni is evaporated on top of the SixGe1-x nanowire. (b) Ni broke up 
upon annealing. (c) Upon further annealing, Si1-xGex/NiSi1-xGex bamboo-structured 
nanowire is formed. 
 
To prepare samples for TEM characterization, the nanowires were dispersed in 
ethanol solution and drop casted onto a Cu grid with lacey carbon. As shown 
in Figure 5.2(b), when the amount of Ni is insufficient, the reaction will stop 
before the NiSi1-xGex occupies the entire cross section of the nanowire; 
however, when there is enough Ni, NiSi1-xGex will firstly grow across the 
nanowire and then epitaxially along the nanowire, as shown in Figure 5.2(c). 
Figure 5.2(d) is the lattice-resolved TEM image, indicating that the bright 
portion is Si1-xGex, with an average lattice spacing d111=0.316 nm, which is 
between that of Si d111 (0.314 nm) and Ge d111 (0.327 nm). The dark portion is 
believed to be of the NiSi1-xGex phase, because the lattice spacing (0.392 nm 
and 0.294 nm) is between the d110 and d101 of NiSi (PDF# 850901) and the d101 
and d011 of NiGe (PDF# 651748), respectively. From the TEM image, the 
interface is not necessarily perpendicular to the heat flow direction, and it also 
undulates over a range of ~15 nm (Figure 5.2(c)). Analysis by Energy 
dispersive spectroscopy (EDS) showed that the x value in Si1-xGex is ~0.3 for 




Figure 5.2 SixGe1-x and NiSixGe1-x bamboo-structured nanowires. (a) SEM image of 
bamboo-structured nanowires. The bright portion is NiSixGe1-x, and the dark portion 
is SixGe1-x. (b) A TEM image showing a nanowire that is not fully 
silicided/germanided across its diameter. (c) A TEM image showing that NiSixGe1-x 
occupies the whole cross section of the nanowire, and then grow epitaxially along it. 
(d) A lattice resolved TEM image of (c). 
Such a nanowire is picked up using a nano-manipulator and fixed on the 
METS device by electron-beam induced deposition (EBID) of Pt, as shown in 
Figure 5.3. Besides fixing the nanowire, the deposited Pt also serves to 
provide a reasonably good thermal contact. The thermal contact resistance (RcL 
and RcR) only changes the absolute value of Ri(x) but does not change dRi/dx 
and therefore the measured thermal conductivity is not affected; however if 
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one side of the nanowire is poorly contacted then the temperature rise on that 
side is likely to be very small and the noise large. 
  
Figure 5.3 (a) SEM image of one Si1-xGex/NiSi1-xGex bamboo-structure nanowire 
fixed on the METS device by electron-beam induced deposition of Pt. (b) Enlarged 
image of (a) showing the bamboo structure of the nanowire. The bright portion is 
NiSi1-xGex, and the dark portion is Si1-xGex. The minimum gap between the two 
sensors is 5 µm. 
5.2. Results and discussion 
In the measurement, an 18 keV electron beam was scanned along the nanowire 
from left to right, and the experimental results are shown in Figure 5.4.  
The upper part of Figure 5.4 shows the measured temperature rise of the left 
and right islands (∆TL and ∆TR), respectively. The power absorbed by the 
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nanowire from the electron beam is equal to that flowing out through the two 
islands to the environment: L R b( ) ( ) /P x T T R    . As mentioned in Chapter 
2, materials with larger atomic number absorb more power from the electron 
beam, so ∆TL and ∆TR are larger when the electron beam scans along a NiSi1-
xGx segment compared to a Si1-xGex segment.  
The lower part of Figure 5.4 shows the cumulative thermal resistance Ri, 
calculated from Equation (3.3). Note that in spite of the irregular ∆TL and ∆TR 
curves arising from variable power absorption, Ri increases monotonically 
from left to right, since Ri is derived from the ratio of the power flows towards 
the left and the right, (∆TL/∆TR), irrespective of the absorbed power. The 
linear increase in Ri within the same material segment is expected as the 
segment is uniform both in terms of its structure and thermal conductivity. If 
we compare the two materials, Ri increases at a higher rate in NiSi1-xGx 
segments (of brighter appearance in the SEM image shown in Figure 5.3(b)) 
compared to the Si1-xGx segments. The thermal resistivity of Si1-xGx and NiSi1-
xGx is calculated from the slope of Ri(x) of the respective material segments: 
idR A
dx
   , where the cross-sectional area 4
2dA  , d representing the 
diameter of the nanowire.  
This calculated ρ is also plotted in the lower portion of Figure 5.4. Although 
the noise in ρ is relatively large, it is possible to obtain a ρ with much smaller 
error if one linearly fits the Ri curve within the same material segment. The 
thermal conductivity κ=1/ρ: κ(Si1-xGex) =1.9 W/m-K, which is comparable to 
values reported in the literature
147
 and κ(NiSi1-xGex) =13.4 W/m-K. Besides 
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the spatially resolved thermal conductivity, it is also interesting to note that at 
the interface, Ri tends to increase at a rate higher than that for both materials. 
This is shown clearly by the peak of the ρ curve at the interfaces. Such 
peaking might be due to the lattice disorders created at the interface during 
formation. It can also be plausibly attributed to the ITR between Si1-xGex and 
NiSi1-xGex. Since the Si1-xGex/NiSi1-xGex interface is not “ideal” as it is neither 
straight nor perfectly perpendicular to the 1D heat flow direction along the 
nanowire (as a result, ∆TL and ∆TR curves are relatively gradual and rounded 
at the interfaces), the ITR could not be extracted unambiguously; however it is 
clear that in this material system, the decrease of effective thermal 
conductivity due to ITR is overwhelmed by the large thermal conductivity of 
NiSi1-xGex.  
 
Figure 5.4 Upper: measured temperature rise of the left and right islands. Inset of the 
upper: schematic view of the nanowire, the blue portion is NiSi1-xGx, and the yellow 
portion is a Si1-xGx. Lower: the red curve is the calculated Ri, and the black curve is 




In this chapter, we applied the electron beam heating technique to a single  
Si1-xGex/NiSi1-xGex bamboo-structured nanowire, and probed the respective 
thermal conductivity of both Si1-xGex and NiSi1-xGex. The ITR between these 
two materials was also discussed, and using this type of nanowire it was 
difficult to characterize the spatial resolution of our technique. In the next 
chapter we will apply the electron beam heating technique to a material system 
with nearly ideal interfaces. 
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     Chapter 6
Interfacial thermal resistance (ITR) 
of Si/NixSiy bamboo-structured 
nanowires 
Nickel silicides are widely used in silicon-based devices in forming contacts. 
As the dimensions of Complementary metal–oxide–semiconductor (CMOS) 
devices become progressively smaller, the interfacial thermal resistance (ITR) 
between nickel silicides and Si plays a more important role in hindering heat 
dissipation through such devices. However, little is known about the ITR 
between Si and nickel silicides, and this makes the thermal modeling of 
transistors in integrated circuits difficult. 
In this chapter we present the measurement results of a Si/NixSiy bamboo-
structured nanowire. Unlike the case for SixGe1-x/NiSixGe1-x bamboo-
structured nanowires, the Si/NixSiy interface is a nearly-abrupt epitaxial 
interface, which allows us to evaluate the spatial resolution of the technique as 




6.1. Sample fabrication 
Ni stripes (2 μm wide, 20 μm pitch) on a SiO2 (300 nm)/Si substrate were 
fabricated by photolithography, evaporation of Ni (150 nm thickness), and lift-
off in acetone. Si nanowires with diameter ~150 nm (Sigma-Aldrich 730866) 
dispersed in 2-propanol solution were drop-casted onto this substrate (Figure 
6.1). The sample was then dipped into 1:10 hydrofluoric acid (HF) for 1 min 
to remove the native oxide layer, following which it was dipped into de-
ionized water and then ethanol. It was dried at 90 °C in an oven for ~2 minutes 
and then placed immediately under vacuum in preparation for annealing. 
Annealing was carried out for 5 minutes at ~730 °C in forming gas (1:10 
H2:Ar) with a flow rate of 100 sccm, at a pressure of 133 mbar. Upon 
annealing, Ni diffuses into the Si nanowire, and two mechanisms lead to two 
types of nanowires.  
 
Figure 6.1 Si/NixSiy heterostructured nanowire, in which NixSiy nucleates on top of 
the Ni source, and grows along the Si nanowire. 
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6.1.1. Formation of NixSiy/Si interface 
There are two mechanisms for the formation of NixSiy/Si interface. In the first 
mechanism, when the flux of Ni into the silicon is large, Ni gets 
supersaturated, forming nickel silicide(s), which then grow along the Si 
nanowire, pushing the interface further and further away from the Ni source 
(Figure 6.1 and Figure 6.2). Selected area electron diffraction (SAED) pattern 
(inset of Figure 6.2(a)) and high resolution transmission electron microscope 
(HRTEM) image show that the major phase near the interface is NiSi (Figure 
6.2(b)), but often a small portion of another phase is found stuck in between 
the Si and NiSi (Figure 6.2(b), encircled by the yellow dotted line, and Figure 
6.3(a)). Moreover, EDS line-scan profile of another sample shows that the 
Ni/Si composition near the interface differs from that far away from the 
interface (Figure 6.3(b)). The change in material composition is in 
correspondence with the contrast shown in the TEM image (Figure 6.3(a)). 
It has been reported that in such reactions, NiSi2 is the leading phase, followed 
by NiSi
148
; on the other hand, another paper
149
 points out that at temperature 
higher than 700 °C, part of NiSi may convert to NiSi2. Considering the high 
temperature we used during annealing (~730 °C), it is more likely to be the 
second case, but either case leads to the conclusion that the adjoining portion 




Figure 6.2 Si/NixSiy interface. (a) TEM image of the Si/NixSiy interface. Lower left 
inset: SAED pattern of the Si segment growing in [111] direction. Upper right inset: 
SAED pattern of NixSiy portion that is ~200 nm away from the interface, showing the 
phase of NiSi. (b) HRTEM image of the interface enclosed by the yellow dotted 
rectangle in a. Inside the yellow dotted circle shows another phase, which is 




Figure 6.3 (a) TEM image of a Si/NixSiy nanowire formed by the first mechanism. 
The dark portion is NixSiy, and the bright portion is Si. An embedded phase can be 
seen in the NixSiy phase just beside the interface. (b) Energy dispersive spectroscopy 
(EDS) line-scan profiles along line 1, 2 and 3 shown in (a). The change in material 
composition is in correspondence with the contrast shown in (a). 
6.1.2. Formation of NiSi2 fillet with two Si/NiSi2 interfaces 
With the second mechanism, when the flux of Ni is small, upon high 
temperature annealing, Ni diffuses through the nanowire, and at locations 
where there is a change in the surface energy (e.g., where there is a nano-
particle attached on the surface), NiSi2 starts to nucleate and grow, forming a 
single-crystal fillet within the Si nanowire. In such cases, the NiSi2 fillet forms 
far away from the Ni stripe (Figure 6.4), and is perpendicular to the Si 
nanowire growth direction (Figure 6.5). SAED pattern in the inset of Figure 
6.5(a) shows that the fillet grows in the [111] direction, same as the growth 
direction of Si nanowire. In the particular case shown, the zone axis for Si and 
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NiSi2 are both in the [11 0] direction. The lattice-resolved TEM image 
(Figure 6.5(b)) provides the detail of the Si/NiSi2 interface: the interface is 
perpendicular to the nanowire growth direction, and nearly-abrupt but with 
minor lattice disorders, e.g., dislocations, lattice misfits, within a span of ~5 
nm at the interface. The Fourier Transform of the lattice-resolved TEM image 
at the region around the interface further illustrates such defects (Figure 6.6).  
 
Figure 6.4 (a) SEM image showing Si/NixSiy heterostructures formed by both 
mechanisms. (b) A heterostructured nanowire formed by the second mechanism, in 
which NiSi2 nucleates far away from the Ni source (not shown here), and grows to a 




Figure 6.5 NiSi2 fillet embedded in Si nanowire. (a) TEM image showing the Si/NiSi2 
interface is perpendicular to the Si nanowire axis. Dark portion: NiSi2; bright portion: 
Si. Scale bar: 20 nm. Upper right inset: SAED pattern of the Si portion. Lower left 
inset: SAED pattern with the electron spot enclosing the NiSi2 fillet. Both Si and 
NiSi2 SAED patterns can be seen here, and the pattern for NiSi2 is highlighted by the 
yellow line. The growth direction of NiSi2 is [111], which is the same as that for Si. 
The zone axis for both Si and NiSi2 is [11 0]. (b) HRTEM image of the Si/NiSi2 





Figure 6.6 HRTEM image of the Si/NiSi2 interface. The dark portion is NiSi2 and the 
bright portion is Si. The defects near the interface are illustrated by the Fourier 
Transform of Region 2. 
Formation of similar nickel silicide fillets due to a point contact dominated 
reaction
 
has been reported by Lu et al.
150
, except that in their work, the silicide 
phase is NiSi, rather than the NiSi2 we observed in our case. Most of the 
experiments are carried out using this kind of nanowire, because it provides 
not only more controllable interfaces, but also makes the study of ITR across 
two nearby interfaces possible.  
Such a nanowire is picked up by a nano-manipulator and fixed on the METS 
device by electron-beam induced deposition (EBID) of Pt, as shown in Figure 
6.6. In the following sections, unless otherwise indicated, a 29 keV electron 




Figure 6.7 SEM image of one Si/NiSi2 fillet/Si nanowire fixed on the METS device 
by electron-beam induced platinum deposition. The bright portion is Si, and the dark 
portion is NiSi2. 
6.2. Results and discussion 
6.2.1. ITR across Si/NixSiy interface 
Firstly we measured the nanowire formed by the first mechanism. Half of this 
nanowire made up of Si, while the other half is nickel silicide with multiple 
phases (NixSiy). As we have discussed in the previous section, the phase of 
nickel silicide near the interface is NiSi, but there is always another phase 
stuck in between the Si and NiSi, which is likely to be NiSi2.  
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A typical measured Ri(x) curve is shown in Figure 6.8(a). The TEM image of 
the same sample is superimposed in the background of Figure 6.8(a). Ri 
increases linearly in the two material segments. dRi/dx is calculated by linearly 
fitting the Ri curve for Si and NixSiy portions individually, and nanowire 
diameter is extracted from the corresponding TEM image, so that the thermal 
conductivity of both portions is calculated as κ(Si) = 54±4 W/m-K and 
κ(NixSiy) = 22±2 W/m-K, respectively, for the sample shown in Figure 6.8(a).  
Apart from the spatially resolved thermal conductivity, a step can be seen in 
the Ri(x) curve of Figure 6.8(a) at the Si/NixSiy interface. This can be 
intuitively attributed to the ITR. In order to extract the ITR, we carried out a 
linear fitting of Ri in both Si and NixSiy portions using data sufficiently far 
away from the interface and extrapolated the two fitted lines to intersect with 
the interface. The difference between the values at the two intersects is taken 
as the ITR (denoted as RINT). The position of the interface is set as described in 
Figure 6.11, i.e., at the peak of the 
L Rd( ) / dT T x   curve. The errors are 
calculated by the error propagation, with the error of  dRi(x)/dx given from the 
standard error during the linear fitting, the error from the diameter set as ±5 
nm, and the error from the interface set as ±5 nm.  
In order to determine how far away from the interface the fitting should be 
carried out, we repeated this fitting and extrapolating procedure for several 
distances. For the NixSiy portion, the Ri curve becomes linear a short distance 
away from the interface, and 30 nm away is enough to obtain consistent RINT. 
However for the Si portion, Ri starts to rise faster when the electron beam is 
still relatively far from the interface. We linear fit the Ri curve using data 
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further and further away from the interface, and then calculate RINT. The 
interfacial thermal conductance hINT is then calculated as hINT=1/(RINTA). 
Figure 6.8(b) shows the calculated hINT as a function of distance away from 
the interface. From this figure, the hINT of both interfaces changes little when 
the distance between fitting data and the interface is larger than 100 nm, and it 
is ~320 MW/K-m
2
, plotted by blue solid circle in Figure 6.19. 
 
Figure 6.8 (a) Ri(x) as the electron beam is scanned across the Si/NixSiy fillet. RINT is 
calculated by linear fitting the Ri(x) curve for both Si and NixSiy portions, 
extrapolating it across the interface and taking the step. TEM image of the measured 
sample is superimposed at the background. The dark portion is NixSiy, and the bright 
portion is Si. Point B: position of the interface. Point A and C: position away from 
which the data is used for linear fitting to obtain dRi/dx for Si and NixSiy segments, 
respectively. (b) Interfacial thermal conductance as a function of AB while the BC 
value is always kept as 30 nm. 
Why does Ri start to rise rapidly in Si portion when there is still a considerable 
distance to the interface? One possible reason is that there might be lattice 
defects in the Si portion near the interface. Because NiSi2 fillet can be formed 
far away from the Ni source (one example is Figure 6.4(a)), there must be Ni 
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diffusing inside the Si nanowire during high temperature annealing. During 
cooling down, it is suspected that not all the Ni has time to diffuse to the NiSi2 
nucleation center or the NixSiy growth front, and as a result, there might be a 
concentration gradient of residual Ni towards the interface in the Si portion. 
However the Ni is not detectable using EDS in our TEM. This random 
distribution of Ni can contribute to increased thermal resistivity in the silicon 
portion towards the interface. As shown in Chapter 4, a small amount of lattice 
defect can induce a large decrease of thermal conductivity. Although the 
lattice defect here is created in a different manner from that in Chapter 4, one 
can reasonably assume a similar effect here. Another possible reason is due to 
the generation and recombination of the Electron-hole pairs (EHPs). When 
high energy electrons irradiate the Si nanowire, EHPs are generated. These 
EHPs diffuse away, recombine and generate heat, which will enlarge the 
heating volume. Such enlargement will not induce any uncertainty provided 
the nanowire is homogeneous, because the thermal conductivity is extracted 
from linear fitting of the Ri curve. However, when the electron beam located in 
Si segment moves towards the Si/NiSi2 interface, a progressively larger 
portion of the EHPs recombine at the interface, which changes the heating 
volume. As a result, the RINT is “felt” even before the electron beam reaches 
the interface. The EHP recombination length in Si nanowire is much smaller 
than that in bulk Si, and it has been reported to be ~80 nm for ~100 nm 
diameter n-type Si nanowire
123
, being dominated by the surface 
recombination. This recombination length is of the same range as the deviation 
from linearity of Ri in the Si portion. Another possible interpretation of this 
phenomenon is that it may due to the longer phonon mean free path in the Si 
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portion. Consider an extreme case: if we assume that at 100 nm away from the 
interface in Si portion all phonons travel ballistically to the interface, then the 
step in Ri curve will happen at that place, i.e., 100 nm away from the interface 
in Si portion, instead of just at the interface. Obviously, in reality, not all 
phonons travel ballistically, because phonon scattering rate is dependent on its 
wavelength, as a result, the step in Ri curve, instead of being a sharp rise, 
spans over ~100 nm in the Si portion.  
6.2.2. ITR across a NiSi2 fillet with two Si/NixSiy interfaces 
For the interfaces formed by the first mechanism, the embedded phase 
between Si and NiSi with unknown structure and size prohibits further 
interpretation of experimental results, whereas for the interface formed by the 
second mechanism is well characterized, and is sharper than the electron beam 
- sample interaction volume. Therefore, we can use this type of interface to 
demonstrate the spatial resolution of our technique. Moreover, the variation in 
NiSi2 fillet thickness provides a good chance to study the influence on ITR 
when the two interfaces are closer and closer to each other. Lastly, the 
diameter dependence of ITR is also discussed.  
6.2.2.1. ITR across a single Si/NiSi2 interface and the spatial 
resolution 
A typical result from a nanowire with Si/NiSi2 fillet/Si heterostructure is 
shown in Figure 6.9(a). From the Ri curve in this figure, we can obtain the 
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thermal conductivity of Si portion κ(Si) = 53±3 W/m-K and that of NiSi2 
portion κ(NiSi2) = 33±2 W/m-K, respectively. Because NiSi2 is metallic, one 
can calculate the electron contribution to the thermal conductivity from the 
Wiedemann-Franz law: κe = σLT, where L is the Lorenz number (2.44×10
-8
 
WΩK-2), T is temperature (T=300 K as the measurement is carried out under 
room temperature) and σ is the electrical conductivity of NiSi2. The electrical 
resistivity has been reported as ~35×10
-8
 Ωm151-153 for polycrystalline NiSi2 
films, and ~30×10
-8
 Ωm for NiSi2 nanowires synthesized by chemical vapor 
deposition
154
, the latter being lower because the NiSi2 nanowire is single 
crystalline and defect-free. Therefore, κe is ~21-24.4 W/m-K, and the rest (~10 
W/m-K) could be attributed to the lattice contribution. 
The ITR was determined by the same fitting and intersecting procedure as that 
for Si/NixSiy interface. Similar to the previous case, the Ri in Si portion starts 
to rise rapidly when there is still a considerable distance to the Si/NiSi2 
interface. The same arguments still apply here: this may be due to the lattice 
defects in Si portion near the interface; or due to the non-symmetric EHPs 
recombination in Si portion near the interface; or due to the long phonon mean 
free path in Si portion, which is a more interesting explanation. Figure 6.9(b) 
shows that using data that is further than 100 nm away from the interface in Si 
portion yields similar calculated hINT, so 100 nm is the distance we set when 
calculating the ITR, and this criterion also applies for the other samples in the 




Figure 6.9 (a) Measured Ri curve of a Si/NiSi2 fillet/Si heterostructured nanowire. 
Superimposed at the background is the TEM image of the measured sample. The dark 
portion is NiSi2, and the bright portion is Si. Point B: position of the interface. Point 
A and C: position away from which the data is used for linear fitting to obtain dRi/dx 
for Si and NiSi2 segments, respectively. (b) Calculated interfacial thermal 
conductivity as a function of AB while BC is kept at 30 nm. 
hINT was determined for several interfaces, and plotted in Figure 6.19 as black 
solid square markers. The average value (~500 MW/K-m
2
) is higher than that 
of the metal/semiconductor interface measured by Hopkins and Duda et al.
155, 
156
 employing the time-domain thermoreflectance (TDTR) technique, for a 
number of reasons. Firstly, compared to metals, a metal silicide has a better 
acoustic match with Si. Secondly, the interface for their TDTR measurement 
was formed by thermal evaporating metal on a silicon surface, whereas in our 
material system, the bonding between Si and NiSi2 is covalent in nature. Better 
acoustic match and stronger bonds result in higher interfacial thermal 
conductance.  
Because one side of the interface is semiconductor Si, the thermal boundary 
conductance is dominated by phonon transport
157
. To understand the phonon 
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transport across the interface, Diffuse Mismatch Model (DMM)
57
 is used to 
predict the interfacial thermal conductance. The full phonon dispersion 




 is used because Reddy 
et al.
160
 asserted that it may obtain a more precise prediction. As the diameter 
of our nanowire (150 nm) is much larger than 35 nm
161
, the phonon dispersion 
relationship for bulk material is used in the calculation. The interfacial thermal 
conductance (hINT) is calculated as a function of temperature (Figure 6.10). At 
300 K, the simulated interfacial thermal conductance is 325 MW/m
2
-k, which 
is of the same order as, however smaller than our experimental value (~500 
MW/m
2
-K). The DMM calculation was carried out by Dr. Yang Nuo. 
The discrepancy may be qualitatively explained by considering the following. 
On the one hand, in our DMM calculations, the phonon density of states (DOS) 
of the bulk material is used instead of that of nanowire as the latter is not 
available. This may give rise to error in the DMM calculations. On the other 
hand, the larger experimental conductance values might be expected because 
of the phonon bridging effect induced by a diffused interface. Such phonon 
bridging effect has been reported by Zhou et al.
24
 using MD simulations. They 
found that when the interface is changed from a very sharp one to a diffused 
one (in which the atoms of two materials interpenetrate around the interface), 
the temperature drop at the interface is reduced with the applied same heat 
flux, indicating the enhancement of the interfacial thermal conductance due to 
the diffused interface. As mentioned in Section 6.1.2, the Si/NiSi2 interface is 
not perfectly sharp but has minor lattice disorders and misfits over a span of 
~5 nm. This ~5 nm layer with disorder and dislocations at the interface serves 
as a buffer layer that bridges phonon transmission from Si to NiSi2. The 
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overlapping DOS between the buffer layer/Si and buffer layer/NiSi2 is larger 
than that between Si and NiSi2 without an intervening layer, thereby providing 
more elastic scattering channels for phonons to transport across the interface. 
This phonon bridging effect has been fully investigated via non-equilibrium 
molecular dynamics
24, 162
. However, more detailed numerical calculations and 
experimental work need to be done to get a quantitative comparison. 
For comparison, we also calculate the hINT from Acoustic Mismatch Model 
(AMM).The value of hINT, 900 MW/m
2
K (Figure 6.10) is much higher than 
our experimental value, which indicates that phonons in the nanowire studied 
do not transport specularly. 
 
Figure 6.10 Interfacial thermal conductance calculated from Diffuse Mismatch Model 
(DMM) and Acoustic Mismatch model (AMM), as a function of temperature. 
The energy absorption volume, an important parameter to determine the 
spatial resolution can be extracted from the power absorption: 
L R b( ) ( ) /P x T T R    . The power absorbed in the vicinity of a Si/NiSi2 
interface is shown in Figure 6.11(c). Because NiSi2 has a larger effective 
atomic number than Si, a larger fraction of the incident beam power is 
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absorbed in the NiSi2 portion, and the absorbed power P increases rapidly as 
the electron beam traverses the interface. Based on the full-width-at-half-
maximum (FWHM) of the differential absorbed power (dP/dx), the spatial 
extent of the energy absorption volume is determined to be ~11.7 nm, with the 
portion in silicon (~4.5 nm) being smaller than that in NiSi2 (~7.2 nm). This is 
in agreement with the Monte-Carlo simulation results of absorbed energy 
volume in Si and NiSi2 (insets Figure 6.11(c)).  
The spatial extent of energy absorption volume provides the lower bound of 
spatial resolution. The spatial resolution is also limited by other factors such as 
the electron-phonon interaction volume (for metals), the EHP diffusion length 
(for semiconductors) and the phonon mean free path. For example, in the case 
of Si/NiSi2 interface, the extent where Ri increases rapidly is much larger than 
that of the energy absorption volume (see Figure 6.9(a) and Figure 6.11(c)). 
On the other hand, in the metallic NiSi2 portion, from the same figures, the Ri 
profile is seen to correspond to the energy absorption profile, with the 
transition in P(x) taking place over a distance of <20 nm, showing the inherent 




Figure 6.11 Spatial resolution of the electron beam heating technique. (a) SEM image 
of a Si/NiSi2 heterostructured nanowire bridging the left and right sensor islands. 
Dark portion: NiSi2; bright portion: Si. The gap between left and right islands is 5 
μm. (b) Enlarged SEM image showing the embedded NiSi2. Scale bar: 100 nm. (c) 
The absorbed power ( )P x  measured as the electron beam is scanned across the 
interface in the region enclosed by the dashed rectangle in (b). The actual interface is 
close to the peak of ( ) /dP x dx . The extent of the energy absorption volume in silicon 
is ~4.5 nm, smaller than that in NiSi2 (~7.2 nm). This is in agreement with the Monte-





6.2.2.2. ITR across NiSi2 fillets with different thickness and 
diameter 
Using the electron beam heating technique, we can measure directly the ITR 
of individual interfaces. This makes it possible to investigate what happens 
when two interfaces are very close to each other, even at separations that are 
comparable to the phonon mean free path. A series of experiments were 
conducted with progressively thinner NiSi2 fillets, which brings the two 
Si/NiSi2 interfaces into close proximity to each other (Figure 6.12). For 
relatively thick NiSi2 fillets, the thermal conductivity of both Si and NiSi2 
portions could be probed individually, as well as the ITR for both interfaces 
(Figure 6.19 black solid square). The values for the different samples are 
similar to each other because the samples are of similar dimension and 
material compositions. For the thinnest fillet, the thickness is 16 nm (inset of 
Figure 6.12(c)). This thickness is comparable to the electron beam-specimen 
interaction volume, so the two steps in Ri arising from the two interfaces could 
not be individually resolved, making it impossible to calculate the RINT of each 
interface. To manage this, we carried out linear fits of Ri of the two Si portions 
away from the junction. The two fitted lines are parallel to each other but 
separated by the jump in Ri across the NiSi2 fillet (denoted as Rstep). Rstep 
comprises the resistance of the NiSi2 (denoted as Rfillet), and 2RINT representing 
















  , L = 16 nm, and A is the cross-sectional area. We 
assume κ(NiSi2) =30 W/m-K, based on the measured values for the samples 
shown in and Figure 6.12(a) and (b). However, the exact value of κ (NiSi2) has 
marginal effect on the value of RINT obtained because of the small L. hINT is 
calculated in the same way as for previous samples, and its value is indicated 
by the red hollow diamond marker in Figure 6.19. From this figure we can see 
that the hINT of an interface separated by 16 nm distance (which is equivalent 
to ~50 NiSi2 (111) atomic layers) from another is the same as that of an 
isolated interface.  
 
Figure 6.12 Measurement of interfacial thermal resistance across two Si/NiSi2 
interfaces that are progressively closer to each other. In (c), a very thin NiSi2 fillet 
creates two interfaces separated by 16 nm (equivalent to ~50 NiSi2 (111) atomic 
layers). This distance is comparable to the extent of the energy absorption volume in 
NiSi2, so the two RINT merge.  
The ITR we measured is across the interface embedded in a nanowire, which 
is unlike that for thin films. In order to check whether the ITR is dependent on 
the nanowire diameter (d), a thin nanowire with d=57 nm was measured. In 
the measurement, a 15 keV electron beam is used to scan along the nanowire 
so as to generate enough temperature rise. We could not obtain the diffraction 
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pattern of this nanowire, so the embedded nickel silicide phase could not be 
confirmed; however judging from its morphology, it is most likely to be of 
NiSi2 phase. The thermal conductivity of Si portion is consistent with that 
reported in the literature
27
. The hINT is obtained by the same way as that for 
Figure 6.12(c), and is plotted as red hollow diamond. From this figure, hINT is 
very close to those obtained from nanowire with d=150 nm, so we can say that 
for nanowires with diameter >57 nm, the interfacial thermal conductance (hINT) 
is geometrically independent.  
 
Figure 6.13 (a) Measurement result for a thin nanowire (d=57 nm). (b) Enlarged view 
of the nanowire superimposed in (a). The dark portion is nickel silicide and the bright 
portion is Si. 
Lastly, we also measured Rstep across NiSi2 fillets which does not span over 
the entire diameter of the Si nanowire. As expected, such samples with half 
NiSi2 fillets renders a smaller Rstep (hence larger 1/RstepA) compared with those 




Figure 6.14 (a) Measurement result across a half-grown NiSi2 fillet (red solid curve), 
with its TEM image superimposed in the inset. The Ri curve (blue dashed curve) for 
another NiSi2 fillet that spans over the entire nanowire diameter is also plotted for 
comparison, with no TEM image superimposed. (b) Enlarged view of the fillet. The 
dark portion is nickel silicide and the bright portion is Si. 
6.2.3. ITR across a Si fillet 
In the previous section, we showed that in the case of a NiSi2 fillet, bringing 
two Si/NiSi2 interfaces to as close as ~50 NiSi2 (111) atomic layers of each 
other does not affect the ITR of an individual interface. What if there is a Si 
fillet embedded in two NiSi2 portions? 
MD simulations by Landry and McGaughey
163
 calculated the thermal 
resistance (R) of confined semiconductor thin film with different film 
thicknesses. It was found that R (equivalent to the Rstep in our case) for a thin 
Si film embedded in Ge leads (Ge/Si/Ge) is smaller than R for Si/Ge/Si case, 
provided the film thickness smaller than 30 nm (Figure 6.15(a) and (b)). This 
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is because in Ge portion, the maximum phonon frequency 
max
Ge  is smaller than 
that (
max
Si ) in Si portion (Figure 6.15(c)), so for the Ge/Si/Ge case, the 
phonons coming from the Ge lead only occupies the lower frequency portion 
of Si (note here only elastic scattering of phonons are involved, as pre-
examined by the authors
164
, so that a phonon passes through the interface 
without changing its frequency). Such phonons have a larger mean free path in 
Si, and also contribute substantially to the thermal conductivity
163
. Therefore 
for a Si film thickness <30 nm, most phonons travel ballistically in this Si film. 
On the other hand, phonons travel more diffusively in the Ge film embedded 
between two Si leads. Such inelastic scattering inside the film leads to reduced 
coupling of phonons on either side of the film, which may alter the phonon 
transmission coefficients, and increases R for Si/Ge/Si case. 
 
Figure 6.15 (a) and (b) MD simulation calculated steady-state temperature profiles 
near and across the thin film region of the Si/Ge/Si and Ge/Si/Ge structures with a 
film thickness of 28.7 nm for Ge film and 26.6 nm for Si film, respectively
163
. The 
same heat flux q was applied across both structures. TL and TR are the lead 
temperatures at the lead/film boundaries. (c) Average phonon mean free path in bulk 





Does a similar situation apply for the thin Si fillet in our case? Indeed, from 
Figure 6.16 we can see that the maximum phonon frequency for NiSi2 is 
smaller than that for Si, similar to the Ge and Si case. However, the measure 
RINT across the Si fillet of a NiSi2/Si fillet/NixSiy nanowire is similar to the 
case of NiSi2 fillet embedded in Si, at least within the range of experimental 
error.  
 
Figure 6.16 DOS for both Si and NiSi2 as a function of frequency. 
Such a sample was formed by a rare occurrence: one of the NiSi2 portion was 
formed by the second mechanism discussed in Section 6.1.2, while the other 
NixSiy potion was formed by getting the Ni source transferred from a very thin 
Si nanowire (Figure 6.17), leaving a 21 nm thick Si fillet. We could not obtain 
the diffraction pattern of this sample, but this portion is highly likely to be 
NiSi2 phase due to the limited Ni source supply, which is an important 
condition for NiSi2 phase formation (Section 6.1.2). Another evidence is that 




Figure 6.17 SEM image of a NiSi2/Si fillet/NixSiy heterostructured nanowire. The thin 
Si nanowire in the lower right transports Ni source to the thick nanowire, forming the 
NixSiy portion.  
The Rstep across this thin Si fillet is calculated using the same method as that 
for the thin NiSi2 fillet case, except that on the left hand side of the Si fillet, 
because the NiSi2 portion is short, we use 15 nm (out of 30 nm) length in 
between interfaces 1 and 2 to obtain the linear fitting. The calculated κ(NiSi2) 
for the 15 nm length NiSi2 is smaller than those shown in Figure 6.12, 
probably due to the edge effect as we could not take the data far away enough 
from the interface. The κ(NixSiy) for the nickel silicide portion in between 
interfaces 2 and 3 is also smaller, probably due to the lattice defects during 
formation, which can be readily seen in the superimposed TEM image of 
Figure 6.18. Figure 6.18 also illustrates the ability of our technique to spatially 




Figure 6.18 Measurement result for the NiSi2/Si fillet/NixSiy heterostructured 
nanowire.  
hINT of interfaces 2 and 3 are calculated by Equation (4.2) (shown by red 
hollow circle marker in Figure 6.19), assuming the thermal conductivity for 
the Si fillet is 54±4 W/m-K. For comparison purposes, we also plotted 
1/(RsetpA) for both NiSi2 fillet (black solid diamond marker) and Si fillet (black 
solid circle marker). From Figure 6.19, both hINT and 1/(RsetpA) is the same as 
that for NiSi2 fillet within error range. This deviation from the MD 
calculations for Ge/Si/Ge case could be due to the different lead materials 
(NiSi2 rather than Ge) in our experiment. To further understand this, the 
frequency dependent phonon mean free path for NiSi2 needs to be plotted, 
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similar to the case of Figure 6.15(c), and more data for different Si fillet 
thickness is needed. 
Last but not least, the total resistance between interfaces 2 and 3 (including the 
interface) illustrates the potential of utilizing nano-composite materials for 
thermoelectric application, which has attracted a lot of attention recently
165
. If 
we linearly fit the step between interfaces 2 and 3, the gradient is >5 times of 
that of the normal Si nanowire portion, which means the interfaces decreases 
the equivalent thermal conductivity by 5 times. This, plus the quantum 
confinement effect on the electrons
6
, may result in a higher figure of merit 
(ZT) value, and hence increases the efficiency of the thermoelectric energy 
conversion. Our experimental result could shed light on the design of 
nanocomposite material for a better thermoelectric energy conversion. 
6.3. Summary 
In this chapter we measured the spatially resolved thermal resistance of 
Si/NixSiy bamboo-structured nanowires. In such nanowires, not only the 
thermal conductivity of each material composition but also the ITR of an 
individual Si/NixSiy interface could be measured. From the nearly abrupt 
interface we inferred the spatial resolution to be less than 20 nm, and the 
measured interfacial thermal conductance (hINT) is plotted in Figure 6.19. 
Firstly, we measured the ITR across a Si/NixSiy interface with NiSi2 phase 
stuck in between the Si and NixSiy ( ). Secondly, we measured the ITR of 
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two NiSi2/Si interfaces produced by one NiSi2 fillet embedded in Si nanowire 
( ), which is larger than the metal-semiconductor interfaces measured by 
TDTR
155, 156
 with the discrepancy attributed to the better acoustic match and a 
stronger bond between Si and NiSi2; the measured ITR is also higher than that 
predicted by DMM, with the possible reasons attributed to the phonon 
bridging effect and the additional inelastic phonon scattering channels. A very 
thin NiSi2 fillet brings two NiSi2 interface to as close as 16 nm away from each 
other, however, calculated from (1/RstepA) ( ), the hINT ( ) shows not much 
difference from those of well-separated interfaces, indicating that a 16 nm 
NiSi2 fillet is thick enough to separate the two interfaces. In addition, hINT 
seems to depend weakly on the nanowire diameter. Moreover, the ITR across 
a thin (21 nm) Si fillet is measured. Both the (1/RstepA) ( ) and the calculated 
hINT ( ) are similar to that for NiSi2 fillet. Finally, the 1/RstepA across a NiSi2 
fillet which does not span across the entire nanowire was measured ( ), 
which is larger than that of a fully spanned NiSi2 fillet, as expected. 
 
Figure 6.19 Summary of the measured interfacial thermal conductance. 
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     Chapter 7
Conclusion and Future Works 
7.1. Conclusion 
A new thermal measurement technique that is capable of profiling nanowire 
thermal resistance with a spatial resolution of nanometers has been developed. 
In this technique, a focused electron beam is employed as a localized heat 
source to establish a temperature gradient along the nanowire. The heat fluxes 
from the two ends of the nanowire are measured using platinum resistor loops 
on two suspended thermally-isolated islands. The electron beam interacts with 
the nanowire by elastic and inelastic scattering. Both scattering mechanisms 
are important because elastic scattering changes the incident electron 
trajectories along which the incident electron loses energy to the specimen 
electrons through inelastic scattering. The final heating volume also depends 
on the electron-phonon coupling, so care should be taken if the sample is an 
indirect bandgap semiconductor. In terms of the experimental technique, 
precautions are taken in order to prevent the scattered electrons from 
impinging onto the two sensing islands, which would otherwise induce both 
unwanted heating and parallel conduction paths among the Pt loops as a result 
of electron-beam induced conductivity. Finally, by employing a differential 
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circuit configuration to offset the nominal resistance of the Pt loop, a 
sensitivity of 0.4 mK, limited by the quantization noise of the digital lock-in 
amplifier, could be achieved.  
This electron beam heating technique was then used to study three material 
systems as follows. 
1. Helium ion damaged Si nanowires, along which the thermal 
conductivity is non-uniform. Using this single-material system we 
demonstrated the use of the technique to profile the thermal resistance 
along a nanowire. The effect of lattice disorder created by high energy 
helium ions on the thermal conductivity was investigated. A clear 







 was observed from the trend of the thermal 
conductivity vs dose curve. Within the dose regime in which only point 
defects are created, the Si nanowire thermal conductivity decreases 
almost exponentially as the dose increases, and the presence of only 
4% point defects could reduce the thermal conductivity by ~70%, 
indicating a strong phonon scattering effect by point defects, which is 
supported by the results from NEMD simulations. Finally, the thermal 
conductivity of the damaged nanowire could be improved by 
annealing, and two hours annealing at 300 °C could fully recover the 








2. Si1-xGex/NiSi1-xGex bamboo-structured nanowires. These nanowires are 
non-uniform in terms of the material composition and corresponding 
thermal conductivity. The difference in material composition can be 
inferred from both power absorption and thermal conductivity. The 
thermal conductivity of Si1-xGex and NiSi1-xGex are 1.9 W/m-K and 
13.4 W/m-K, respectively. Unfortunately, because the interface is 
neither perpendicular to the heat flow direction nor straight, the 
interfacial thermal resistance (ITR) could not be determined 
unambiguously.  
3. Si/NixSiy bamboo-structured nanowires. These are similar to the above 
case but with nearly-abrupt interfaces that are perpendicular to the heat 
flow direction. Besides discriminating the thermal conductivities of the 
Si and NixSiy portions, the ITR across a Si/NixSiy interface is observed. 
There are multiple interfaces embedded in a single Si/NixSiy bamboo-
structured nanowire, and using our technique, the ITR across each 
interface could be probed and related intuitively to the TEM image. 
Among the interfaces between silicon and nickel silicide phases, the 
Si/NiSi2 interface is a well-characterized one. The ITR of a Si/NiSi2 
interface is measured to be ~500 MW/K-m
2
, a value larger than the 
metal-semiconductor interfaces measured by TDTR
155, 156
 with the 
discrepancy attributed to the better acoustic match and a stronger bond 
between Si and NiSi2. The measured ITR is also higher than that 
predicted by DMM, with the possible reasons attributed to the phonon 
bridging effect and the additional inelastic phonon scattering channels. 
Moreover, the ITR of two interfaces separated by a NiSi2 (Si) fillet as 
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thin as 16 (21) nm is similar to that of a well-separated interface, 
indicating that 16 (21) nm of NiSi2 (Si) is thick enough to separate the 
two interfaces. Last but not least, with the nearly abrupt interfaces, the 
spatial resolution of our technique is determined to be better than 20 
nm.  
In summary, the electron beam heating technique is able to spatially resolve 
the thermal conductivity of an individual nanowire, and also addresses the 
long-standing problem of ill-defined thermal contact resistance between the 
nanowire and the two islands, which is a serious drawback of the conventional 
thermal bridge method. Moreover, its capability of directly and separately 
measuring the ITR of multiple interfaces renders it a powerful tool to study 
how heat flows across interfaces at the nanometer scale.  
7.2. Exploring new material systems 
7.2.1. Spatially resolved thermal conductivity of rough/porous 
Si nanowires 
The surprisingly low thermal conductivity of a rough Si nanowire has aroused 
the interest of many researchers
31, 32
. However all the current measurements 
have been carried out between the ends of an entire nanowire, yielding no 
information about the local thermal conductivity of a specific portion of the 
nanowire. Using the electron beam heating technique, it is possible to probe 
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the local contribution to the effective thermal conductivity e.g. whether there 
is necking that reduces the effective thermal conductivity of the whole 
nanowire. In addition, information about the roughness and diameter can be 
inferred from the power absorption from the electron beam, which makes it 
possible to obtain and relate the local roughness and local thermal 
conductivity at the same position. One example on a rough Si nanowire which 
is also progressively thinner along its growth direction
166
 is shown in the inset 
of Figure 7.1 as the power absorption is linearly related with diameter for a 
homogeneous nanowire (Section 3.2.1), one can conveniently link the power 
absorption curve to the morphology of the nanowire: not only the roughness 
but also the local diameter (Figure 7.1).  
 
Figure 7.1 (TL+TR), which is proportionally related to power absorption, and the 
fluctuation of (TL+TR) calculated by subtracting the black curve from the red fitted 




Similarly, the local thermal conductivity of a porous Si nanowire can also be 
measured. The local porosity can be inferred from the nanowire diameter 
(measured by either SEM or TEM) and the power absorption from the electron 
beam. 
Here a new method to roughen the Si nanowire is proposed: a shell of Ni of 
appropriate thickness can be sputtered onto the Si nanowire, and upon 
annealing at ~720 °C Ni reacts with Si, forming a NiSi2 shell. In the reaction, 
the (111)-type NiSi2 interface is preferred
167
, as a result, numerous (111)-type 
NiSi2 facets would develop (Figure 7.2(b)). If one could etch away the NiSi2, a 
rough Si nanowire would be obtained. The reaction temperature could be 
changed in order to control the roughness. 
 
Figure 7.2 (a) Synthesis of NiSi2/Si heterostructured nanowires: the Si nanowire (160 
nm diameter) is drop casted on Si substrate, after which the substrate is dipped in 
1:10 HF for ~1 min. Then Ni (~25 nm) is evaporated on top of the nanowire. 
Immediately after taken out of the evaporation chamber, the sample was annealed 
with rapid thermal annealing (RTA) in ambient Ar (90 sccm) and H2 (10 sccm) with a 
pressure of 133 mbar for ~10 seconds. (b) TEM image of the resultant NiSi2/Si 
heterostructured nanowire. The dark portion is NiSi2, and the bright portion is Si. 
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7.2.2. Nanophononic Si nanowire: reducing thermal 
conductivity by local resonance 
Very recently, a Si based nanophononic metamaterial was proposed to reduce 
the thermal conductivity by introducing local resonance of phonons
3
: in the 
numerical configuration reported, a silicon thin film with a periodic array of 
pillars (with periods of 60 nm) erected on one or two of the free surfaces can 
qualitatively alter the base thin-film phonon spectrum due to a hybridization 
mechanism between the pillar local resonances and the underlying atomic 
lattice dispersion, which reduces the group velocity of the major heat carrying 
phonons. Such a configuration is predicted to reduce the thermal conductivity 
by as much as 50%. This mechanism to reduce the thermal conductivity is 
different from that in previous phononic crystal studies – the latter make use 
of the forbidden band to reduce κ, whereas in this work, local resonance is 
used to reduce κ. 
Enlightened by this theoretical paper, similar experiments can be carried out 
on Si nanowires: a Si nanowire with one side mace-shaped and the other side 
smooth, acting a comparison sample, can be used in such measurements. Such 
Si nanowires can be fabricated from a silicon-on-insulator (SOI) wafer by 
electron beam lithography patterning, reactive ion etching of the Si film to the 
desired pattern, and releasing the etched Si nanowire by etching away the SiO2 
substrate using HF or HF vapor. The thermal conductivities for the mace-
shaped portion and the smooth portion can be measured using a single scan of 
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electron beam, and further analysis regarding the dimension of the 
nanophononic Si nanowire can be carried out. 
7.2.3. Effect of strain on the thermal conductivity of Si 
nanowires 
The effect of strain on the lattice thermal conductivity has been an interesting 
topic for many years. However the measurement is practically difficult, 
especially for nanomaterials. In our experimental work, we found that a single 
crystal Si nanowire can undergo large strain without yielding, and thus it is 
possible to induce large local strain on a Si nanowire (for example, by 
bending), and then measure the local thermal conductivity as a function of the 
strain. 
In order to ensure that the electron beam scans along the profile of a bended 
nanowire, a vector pattern generator can be used to program the electron 
beam’s scanning path (however for our measurement, the nanowire still needs 
to be in a plane perpendicular to the direction of electron beam). Such 
programmable scanning path can also be applied to measure the thermal 
conductance of a junction of a buckled nanowire.  
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7.3. Further development of the technique 
7.3.1. Instrumentation improvement 
If we can focus the electron beam with a higher energy, the elastic scattering 
of electrons will be reduced, thus reducing the heating spot size. The limit of 
our SEM is ~30 keV, however it can exceed 100 keV for a TEM. Moreover, 
using scanning mode, high resolution images can be acquired in situ with the 
measurement of local thermal conductivity. We have a custom-designed TEM 
holder (supplied by Nanofactory) with external electrical contacts being able 
to fit our METS device into the TEM chamber for testing (Figure 7.3(a)). 
Presently the electron beam heating technique can only be carried out at room 
temperature, but it is possible to extend this to cryogenic temperatures, by the 
implementation of a cooling stage (Gatan C1002 liquid nitrogen cold module 
shown Figure 7.3(b), and C1006 liquid nitrogen cooled anti-contaminator). 
The technical challenge here is sample drift and temperature stabilization. The 
latter can be overcome by adding an on-chip reference sensor to compensate 




Figure 7.3 (a) Customized TEM holder with external electrical contacts. (b) SEM 
cooling stage. (c) on-chip reference sensor (yellow) to compensate the environmental 
temperature fluctuation 
7.3.2. Spatially-resolved measurement of thermal rectification 
effect 
Thermal rectification is a diode-like behaviour in which the heat current 
changes in magnitude when the applied temperature bias is reversed in 
direction. The thermal rectifier has attracted much attention due to its potential 
application in the thermal management of micro-electronics as well as in 
building up a thermally driven computing system in place of electronic ones
168
. 
Thermal rectification across interfaces has been predicted and interpreted in 
terms of phonon spectra mismatch before and after reversing the applied 
temperature bias. However, measuring the heat current, or equivalently 
speaking, thermal resistance across an interface is challenging, as the 
interfacial thermal resistance is often masked by that of the surrounding 
materials. On the other hand, thermal rectification of an inhomogeneously 
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mass-loaded carbon nanotube/boron nitride nanotube has also been 
demonstrated using thermal bridge technique
99, 169
. However, using this 
technique one can only measure the rectification effect of the whole nanowire, 
without knowing the contribution from different portions of such a nanowire.  
It is possible to adapt our technique to spatially resolve the measurement of 
thermal rectification – we can pre-bias the thermal bridge by imposing a DC 
current at one sensor, and then use the electron beam to scan across this pre-
biased nanowire. Considering the thermal circuit shown in Figure 7.4, before 
applying the electron beam heating source, the temperature of left (right) 
sensor is TL (TR), the power generation of the left (right) sensor (due to the AC 
current) is qL (qR). The temperature of the point where the electron beam is 
going to locate is Ti. After applying the electron beam heating sources, these 
parameters become TL’ (TR’), qL’ (qR’), and Ti’, while the ambient temperature 
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If we assume qL= qL’, and qL= qL’, which is valid because the power 
generation is related to the electrical resistance of the Pt loop, and this is only 
 146 
 
a secondary effect of the change in temperature, then by subtracting equation 
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which is the same as Equations (3.1) and (3.2). However, under such 
circumstances, the measured Ri and RINT now become directional, i.e., we can 
measure both Ri(x) and Ri(x) as heat flows from left to right and form 
right to left, and the same case applies for RINT and RINT. 
 
Figure 7.4 Thermal circuit before and after applying the electron beam heating source. 
7.3.3.  Measurement of non-diffusive thermal transport 
In our technique we have assumed that heat flows through the nanowire 
diffusively, i.e., the thermal conductivity (κ) is a constant. Is it possible to 
probe non-diffusive thermal transport using our technique? Here we consider a 
simple case of a homogeneous and uniform nanowire along which the thermal 
transport is non-diffusive. Under such circumstances, κ is not a constant. If we 
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further assume that κ is only a function of the length (x) between heat source 
and sink: x  . 0 1  , with β=0 representing diffusive limit and β=1 
representing ballistic limit. Let us set A ax  , where A is the cross sectional 
area of the nanowire and a is a constant. From the thermal circuit shown in 
Figure 7.5, when x equals to the total length L of the measured nanowire, the 
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 , while NW T cL cRR R R R   , where RT is the 
total thermal resistance between left and right sensor, measured by thermal 
bridge method, and RcL (RcR) is the thermal contact resistance between the 
nanowire and the left (right) lead. As a result, the thermal resistance from 
position 0 to position x of the nanowire is: 
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Figure 7.5 Thermal circuit for probing non-diffusive thermal transport 
A similar calculation may be applied for the thermal resistance from position x 
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where X=x/L, a dimensionless length, and p is the power absorption, a 
constant value as the nanowire is homogeneous and uniform. Solving the 
equation set (4.2) we can calculate TL, TR and Ti. Plugging these parameters 
into Equations (3.1) and (3.2), Ri can be calculated. The dimensionless 
cumulative thermal resistance Ri/RT is plotted as a function of dimensionless 
length X for β=0, 0.25, 0.5, 0.75, 1 (Figure 7.6). Figure 7.6 conveys two 
important pieces of information: first, for β=0, κ is a constant and Ri(x) 
increases linearly, reverting to the condition of diffusive thermal transport; 
whereas for β=1, Ri is independent of x, because for ballistic thermal transport, 
the thermal resistance of a nanowire does not depend on length. Second, the 
RcL and RcR, which are incorporated in the calculation, are not limited to 
represent only the thermal contact resistance. For example, for a 
heterostructured nanowire with only a small portion in which the thermal 
transport is ballistic, RcL and RcR can represent the thermal resistance of the 
left and right sides of this ballistic regime. As a result, it is possible to 
differentiate if the thermal transport of an arbitrary portion of the nanowire 








Appendix I. Setup of Casino simulation regarding 
the electron beam scattering energy 
This appendix shows the parameters used in the Casino (version: 3D CASINO 
v3.2 release) for extracting the ration of the energy absorbed by the nanowire 
and scattered to the sensing platform.  
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